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Neo sits down.
Neo: I felt like sitting.
The Oracle: I know. So. Let’s get the obvious stuff out of the way.
Neo: You’re not human, are you?
The Oracle: Well it’s tough to get any more obvious than that.
Neo: If I had to guess, I’d say you’re a program from the machine world. So is he.
The Oracle: So far, so good.
Neo: But if that’s true, that can mean you are a part of this system, another kind of control.
The Oracle: Keep going.
Neo: I suppose the most obvious question is, how can I trust you?
The Oracle: Bingo! It is a pickle, no doubt about it. The bad news is there’s no way if you can really
know whether I’m here to help you or not. So it’s really up to you. You just have to make up your own
damn mind to either accept what I’m going to tell you, or reject it. Candy?
Neo: D’you already know if I’m going to take it?
The Oracle: Wouldn’t be much of an Oracle if I didn’t.
Neo: But if you already know, how can I make a choice?
The Oracle: Because you didn’t come here to make the choice, you’ve already made it. You’re here to try
to understand why you made it. I thought you’d have figured that out by now.
Neo: Why are you here?
The Oracle: Same reason. I love candy.
Neo: But why help us?
The Oracle: We’re all here to do what we’re all here to do. I’m interested in one thing, Neo, the future.
And believe me, I know - the only way to get there is together.
....
The Oracle: What happens when you go through the door?
Neo: I see Trinity, and something happens, something bad. She starts to fall, and then I wake up.
The Oracle: Do you see her die?
Neo: No.
The Oracle: You have the sight now, Neo. You are looking at the world without time.
Neo: Then why can’t I see what happens to her?
The Oracle: We can never see past the choices we don’t understand.
Neo: Are you saying I have to choose whether Trinity lives or dies?
The Oracle: No. You’ve already made the choice, now you have to understand it.
Neo: No, I can’t do that. I won’t.
The Oracle: You have to.
Matrix Reloaded

Abstract
Rare-earth-transition-metal (RE-TM-based) permanent magnets (PM), which were discovered
in the late 1960s, are the most powerful magnets used in industry. PMs have applications in
a wide variety of fields, such as medicine, magnetic recording, hard disc drives, wind turbines,
and electric motors to name a few. The most popular magnets with the highest maximum
energy product of up to (BH)max ≈ 450 kJ/m3 are the neodymium-Iron-Boron: Nd2Fe14B
based magnets (2:14:1 crystal structure). The drawbacks of these PMs are their high cost, their
poor corrosion resistance, and the low Curie temperature of TC∼ 300 ◦C. Although the Curie
temperatures of Cobalt Samarium (Co-Sm) magnets are higher, they are used less frequently due
to their cost. Examples for such compounds are SmCo5, with a (BH)max of roughly 200 kJ/m3
and a maximum operating temperature of up to 250 ◦C, and Sm2Co17, with a (BH)max ≈
260 kJ/m3 and a maximum operating temperature of up to 550 ◦C. The demand for magnetic
materials containing more abundant (such as Ce, La) or lower content of RE metals is a focus of
research due to the increase in price of Nd and Dy in recent years. Besides the RE2Fe14B magnets,
the compounds with the ThMn12 crystal structure (1:12) and in particular SmFe12−xTMx (TM
= Ti, V, Mo, W, ..) have been a focus of investigation since the 1980s. Since there has recently
been a resurgence of interest in these compounds, they were also studied for this thesis. The
high-throughput synthesis and analysis method offers an efficient experimental approach for
discovering new hard magnetic compounds. The synthesis method used in this thesis was the
reaction crucible (RC), which is based on heterogeneous nonequilibrium states. One diffusion
couple can in most cases cover the whole Fe-rich area of the phase diagram. The high-throughput
analysis method uses correlative microscopy to estimate saturation polarization Js using the
domain contrast, the anisotropy constant K1 using the domain width and the Curie temperature
TC using the temperature dependence of the domain contrast. Using SEM and EDS, one can
thus ascertain the composition of the phases.
Recently, Ce-containing compounds have received a lot of attention due to the abundance of
Ce and the resulting low price. Thus the analysis of Ce-containing compounds is a main part
of this thesis. There are still two open questions regarding these compounds. One of these is
how the uniaxial behavior of Ce-containing compounds with the ThMn12 structure depends
on the second Stevens factor. The sign of the second order Stevens operator αJ is positive for
prolate and negative for oblate 4f charge distribution. In RE2Fe14B compounds, the REs for
which the second order Stevens operator has a negative sign exhibit an uniaxial anisotropy and
the ones for which the sign is positive show a basal anisotropy. For the compounds with the
ThMn12 structure, it has often been discussed that only RE-elements with a positive αJ value
should demonstrate uniaxial behavior. However, Ce-containing compounds demonstrate uniaxial
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behavior despite the negative αJ value for Ce [1]. The other point is that while all RE-metal ions,
except for Ce and Yb, have a valency of 3+, Ce exists in two different ionic configurations: the
magnetic γ-type Ce3+ and the non-magnetic α-state Ce4+. The latter is referred to as impure
for reasons of crystalline anisotropy [2]. This phenomenon can lead to a valence fluctuation: a
mixed valence state of 3.44 was found in Ce2Fe14B [3]. This issue is found in both families of
Ce-containing compounds (2:14:1 and 1:12).
The change of valency in CeRu2 and Ce2Fe14B compounds was studied amongst others in [2], but
for the Ce(Fe,Ti)12 system with ThMn12 structure few theoretical studies have been undertaken [1].
Co-doping of La-Ce in the [(Pr,Nd)1−x(La,Ce)x]2.14Fe14B system with (0 ≤ x ≤ 0.5) leads to
convergence of the Ce valency from 4+ to 3+ [4]. This is possible due to the larger ionic radius
of La3+, which in fact has the largest ionic radius of all REs, through which the steric volume of
the RE-site increases in the lattice and Ce valency can be shifted towards the favorable 3+ state.
The question if substitution of Ce by La in compounds with ThMn12 structure would also lead
to a convergence of Ce valency towards the 3+ state due to the bigger steric volume of the La-ion
was examined in this thesis using the Fe-Ce-La-W reaction crucible. It is well-known that Fe-La
intermetallic compounds (also upon hydrogenation) do not form the ThMn12, but the NaZn13
crystal structure [5]. The mischmetal system La-Ce was studied in this work, and although La
does not form the ThMn12 crystal structure, some grains with stripe domains were detected
in the reaction crucible, but they demonstrated a very low domain contrast (see Fig. 0.1a).
Further crystallographical studies have to be performed to determine the exact crystal structure
of the detected compound. Using the high-throughput approach numerous new hard magnetic
compounds were found in this work. Three of the most prominent phases with the Nd2Fe14B
and the ThMn12 crystal structure, which were further studied in detail, are displayed in Fig. 0.2.
The intrinsic properties of these compounds were Js = 1.32, 1.43, and 1.3 T and K1 = 1.45,
3.1, and 4.4 MJ/m3 for the (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1), Ce1−xSmxFe11W (0 ≤ x ≤ 1), and
Sm(Fe1−x−yMoxAly)12 (x = 0.137, 0.083 and y = 0.062, 0.065) compounds respectively (see
Fig. 0.1).
To perform a thorough investigation for selected interesting compounds, arc melting samples were
produced and annealed at a selected temperature for homogenization. The validity of the rule of
mixture means that RE-atoms can be replaced gradually and the intrinsic properties follow a linear
dependence upon substitution. The estimation of intrinsic properties of the (Nd1−xYx)2Fe14B (0
≤ x ≤ 1) series was performed by domain pattern analysis at room temperature (RT). The rule
of mixture for Js and K1 could be verified.
Two new compounds with the ThMn12 structure were studied using arc melting samples and by
performing exact magnetometry measurements in the whole temperature range. The intrinsic
magnetic properties of the pure ternary CeFe11W compound were in accordance with the results
of domain pattern analysis at RT. Furthermore, the Co-dependence of the intrinsic properties of
the CeFe11−xCoxTi series with 0 ≤ x ≤ 3.25 was investigated in this work. The addition of Co
was expected to increase the magnetic moments’ exchange coupling, which should lead to an
increase of TC and the operating temperature. Domain pattern analysis was used to estimate
the K1 and Js values. Magnetometry was used to measure the temperature dependence of Js.
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Figure 0.1.: (a) Stripe domains of the hard magnetic compound in the Fe-Ce-La-W RC, seen in
the center of the image. (b) Maximum achieved coercivity for the Ce1−xSmxFe11W
(0 ≤ x ≤ 1) series at 950 ◦C for 30 min. (c) Annealing temperatures and obtained
coercivities for the Fe-Mo-Al-Sm compounds.
This saturation polarization data was used to plot the first anisotropy constant according to the
relation K1(T) ∼ Js(T)3. The obtained values of both methods at RT were in good agreement
and TC measurement showed a linear dependence upon Co-substitution. The crystal structure
was determined to be of the ThMn12 type, and a decline of the crystal volume of up to 1 % was
found upon Co-substitution. The potential of this series as a magnetic material was studied in
detail by Wuest et al. [6].
Two different mechanisms are responsible for the magnetic hardening, the pinning and the
nucleation mechanism. The following formula describes both mechanisms well:
µ0Hc = µ0
2K1
Js
α−NeffJs. (0.1)
Plotting the relation of µ0Hc(T)/Js(T) as a function of HminN (T)/Js(T) at different temperatures
vii
yields a straight line. The microstructure parameters α are obtained from the slope of the line,
and ordinate intersection represents the demagnetization factor Neff. A low value of Neff indicates
an approximately spherical grain shape. The so-called smoothing effect, which occurs due to
this shape, reduces the local stray field at the edges and corners. To determine the HminN (T)
value, which for special cases replaces the K1 value in the first term of the equation, the exact
determination of the anisotropy constants K1(T), K2(T) and the saturation polarization Js(T)
is necessary. These values are well-known for Nd-Fe-B and Pr-Fe-B, and Y-Fe-B magnets. A key
to understanding the hardening mechanism is the correlation between the microstructure and
the magnetic properties of a magnetic material. This knowledge is crucial when designing and
processing new permanent magnets. As an alternative to melt spinning (MS), which is commonly
(a) MOKE image of the hard mag-
netic (Nd1−xYx)2Fe14B com-
pound (x = 0.8).
(b) MOKE image of the hard mag-
netic Ce1−xSmxFe11W com-
pound (x =0.4).
(c) MOKE image of the hard mag-
netic Sm(Fe1−x−yMoxAly)12
compound (x = 0.13, y = 0.06).
Figure 0.2.: Three of the most promising hard magnetic compounds formed in the reaction
crucible at 1050 ◦C annealed for 15 h.
used to produce nanocrystalline magnets, mechanical alloying (MA) was used in this work to
obtain a suitable microstructure and perform magnetic and crystallographic studies. For this
purpose, three series of compounds were studied: (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1), Ce1−xSmxFe11W
(0 ≤ x ≤ 1), and the Fe-Sm-Mo-Al series with various Sm-contents. The process of MA was
refined stepwise for each series of compounds, and the annealing parameters were adjusted to
obtain the highest possible coercivity. For the (Nd1−xYx)2Fe14B series, the annealing temperature
rose with increasing Y-content. The coercivities of the mechanically alloyed compounds were
measured at RT. While it is well known that in the pure Y2Fe14B system the only contribution
to the anisotropy originates from the Fe-sublattice, it was found by Sun et al. [7] that for this
series the main contribution to the anisotropy field HA arises from the Nd-ion at all measured
temperatures and that this contribution was nonlinear in Nd-content. Measurement of coercivity
at RT similarly showed a nonlinear dependence upon rising Nd substitution. The coercivity is
dependent upon grain size, grain shape and grain boundary phases, which were not investigated
for this series. However, the responsible hardening mechanism and the microstructure parameters
of this series were theoretically discussed based on the available data and models for RE2Fe14B
magnets. The obtained results suggest that nucleation is the governing hardening mechanism
for this series. In the Ce1−xSmxFe11W (0 ≤ x ≤ 1) series with the ThMn12 structure the
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substitution of Sm led to higher coercivities with a maximum reached by annealing at 950 ◦C for
30 min. Despite the fact that the production of a fully homogenized alloy was not possible with
the present experimental setting, comparable results with similar compounds were found. The
coercivity dependence upon the Sm-content demonstrates a nonlinear, approximately exponential
behavior, which was also recently observed in Ce1−xSmxFe11−yCoyTi (0 ≤ x ≤ 1, y=0; 1.95)
compounds [6] (see Fig. 0.1b). This is likely due to the fact that for Ce-containing compounds
with the ThMn12 structure the Ce-sublattice contributes to the anisotropy. One possible reason
for this is the valence fluctuation of the Ce-ion, which is present in all compounds with 1:12 and
2:14:1 crystal structures. Another likely factor is the grain size of the Ce-containing samples in
comparison to the pure Sm-containing ones, as found in [6]. Unlike the (Nd1−xYx)2Fe14B (0 ≤ x
≤ 1) system, there are currently no theoretical models that explain this behavior in Ce-containing
compounds. Another system with the ThMn12 structure examined in this work was the series of
Sm(Fe1−x−yMoxAly)12 (x = 0.137, 0.083 and y = 0, 0.062, 0.065) with and without Al-content.
The maximum obtained coercivities in this work were lower than the ones given in literature [8].
In addition to that, the occurrence of the large coercivity of 5.03 T (∼ 4000 kA/m) in the
Fe70Ti10Sm20 compound [9] was studied in the Mo-containing samples. The results indicated
that the A2-phase (with Fe17Nd5 structure [10]) responsible for the large coercivity, first observed
in this work in the Mo-containing compound, was formed below 900 ◦C. However, the maximum
coercivity obtained in this series was 0.49 T (∼ 390 kA/m). Furthermore, it was shown that
the maximum of the obtained coercivity is dependent upon the RE-metal, its content and the
additives used in the sample (see Fig. 0.1c). For each compound, a comprehensive study of
milling and annealing parameters are necessary to achieve the highest possible coercivity. The
comparison with available literature for the SmFe11Ti compound showed that both pinning and
nucleation mechanisms are responsible for the magnetic hardening in the ThMn12 systems [11].
Overall, the result of this thesis was a refinement of the high-throughput bulk approach and
the discovery of several novel magnetic materials as well as the production of nanocrystalline
magnets based on these materials. The magnetic and the crystallographic measurements of the
produced nanocrystalline magnets based on a selection of these materials provide a first insight
regarding the hardening mechanisms and the potential of these materials as permanent magnets.
The findings in this work build a solid foundation for the further experimental investigation of
these new hard magnetic materials and the resulting magnets.
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Zusammenfassung
Seltenerd-U¨bergangsmetall-Magnete (RE-TM-Magnete) sind seit ihrer Entdeckung in den 1960er
Jahren die sta¨rksten in der Industrie verwendeten Magnete. Sie finden unter anderem in Medizin,
fu¨r magnetische Speichermedien, in Windturbinen und in Elektromotoren Verwendung. Die
Neodym-Eisen-Bor (Nd2Fe14B) basierten Magnete mit einem ho¨chsten maximalen Energiepro-
dukt von bis zu (BH)max≈450 kJ/m3 sind die meistbenutzen Magnete. Die Nachteile dieser
Magnete sind ihre hohen Kosten, ihre Korrosionsanfa¨lligkeit und ihre niedrige Curie Temperatur
von TC∼ 312 ◦C. Trotz der hohen Curie Temperatur TC der Kobalt-Samarium(Co-Sm) Magnete
sind diese aufgrund ihres hohen Preises weniger verbreitet. Die SmCo5-basierten Magnete mit
einem maximalen Energieprodukt von (BH)max ≈ 200 kJ/m3 und einer maximalen Anwen-
dungstemperatur bis hin zu 250 ◦C und die Sm2Co17 Magnete mit einem (BH)max von etwa
260 kJ/m3 und einer maximalen Anwendungstemperatur bis hin zu 550 ◦C sind die beiden be-
kannten Mitglieder dieser Gruppe. Die Nachfrage nach RE-basierten Materialien, die RE-Metalle
mit einer gro¨ßeren Verfu¨gbarkeit (Ce,La) oder eine geringere Menge an Seltenerdmetall enthalten,
ist in den letzten Jahren aufgrund des steigenden Nd und Dy-Preises in den Fokus der Forschung
geru¨ckt. Neben den RE2Fe14B Magneten bilden die Systeme mit ThMn12 Kristallstruktur eine
weitere Gruppe hartmagnetischer Materialien. Insbesondere an den SmFe12−xTMx (TM = Ti,
V, Mo, W, ...) Systemen wird seit den 1980er Jahren geforscht. Da das Interesse an diesen
Verbindungen in den letzten Jahren zugenommen hat, sind sie auch Gegenstand dieser Arbeit.
Die in dieser Arbeit verwendeten High-throughput-Synthese und -Analyseverfahren bieten eine
effiziente und schnelle experimentelle Methode zur Entdeckung neuer hartmagnetischer Phasen.
Fu¨r die Synthese der Materialien wird die Methode der Reaktionstiegel (RC), die auf Nutzung
heterogener Nichtgleichgewichtszusta¨nde basiert, verwendet. Sie ermo¨glicht es, mit einer Probe
den gesamten relevanten (d.h. Fe-reichen) Bereich des Phasendiagrammes abzudecken. Zur effizi-
enten Analyse der so hergestellten Proben werden die intrinsischen magnetischen Eigenschaften
mittels korrelativer Mikroskopie wie folgt abgescha¨tzt: die Sa¨ttigungspolarisation Js anhand des
Doma¨nenkontrasts, die Anisotropiekonstante K1 u¨ber die Doma¨nenweite und die Curie Tempera-
tur TC u¨ber die temperaturabha¨ngige Messung des Doma¨nenkontrastes. Die Bestimmung der
chemischen Zusammensetzung erfolgt mittels EDX-Analyse.
Unla¨ngst ist das Interesse an Ce-haltigen Systemen aufgrund des hohen Vorkommens von Ce
und des daraus resultierenden niedrigen Preises der Magnete deutlich gestiegen, daher bildet
die Untersuchung der Ce-haltigen Systemen einen wesentlichen Anteil dieser Arbeit. Es gibt
zwei wesentliche offene Fragen in Bezug auf diese Verbindungen: So ist es ist erstens unklar,
wie das uniaxiale Verhalten von Ce-haltigem Verbindungen mit ThMn12 Struktur von dem
zweiten Stevens Faktor abha¨ngt. Der zweite Stevensfaktor αJ korrespondiert zur Form der
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Ladungsverteilung der 4f Elektronen und besitzt einen negativen Wert fu¨r die prolate Form und
einen positiven Wert fu¨r die oblate Form. In der RE2Fe14B Gruppe zeigen die Systeme, deren
RE-Elemente einen negativen αJ -Wert besitzen, uniaxiales Anisotropieverhalten und diejenigen
mit einem positiven αJ hingegen eine planare Anisotropie. Gema¨ß der Annahmen in der Literatur
sollten die ThMn12 Systemen mit einem positiven αJ ein uniaxiales Anisotropieverhalten zeigen,
welches im Falle von Ce mit einem negativen αJ -Wert jedoch genau umgekehrt ist [1]. Desweiteren
ist es so, dass obwohl alle RE-Metalle außer Ce und Yb im Kristallgitter in der 3+ Konfiguration
vorliegen, Ce in zwei verschiedenen Zusta¨nden, dem magnetischen γ-Zustand Ce3+ und dem
unmagnetischen α-Zustand Ce4+ existiert. Letzterer wird unter anderem von Fruchart et al. [2]
aufgrund der unmagnetischen Eigenschaft als unrein bezeichnet, und ist ungu¨nstig fu¨r die
Anisotropie. Dieses Pha¨nomen kann zu Valenzfluktuationen fu¨hren. Im Falle von Ce2Fe14B ist
zum Beispiel eine Mischvalenz von 3.44 im System vorhanden. Dieses Problem tritt in beiden
Gruppen von Ce-Verbindungen auf (2:14:1 und 1:12). Eine Valenza¨nderungsstudie fu¨r CeRu2
und Ce2Fe14B Systemen ist unter anderem in [2] untersucht worden. Fu¨r das Ce(Fe,Ti)12 System
mit der ThMn12 Struktur sind nur sehr wenige theoretische Studien durchgefu¨hrt worden [1]. Das
Co-Doping von La-Ce im [(Pr,Nd)1−x(La,Ce)x]2.14Fe14B System mit (0 ≤ x ≤ 0.5) fu¨hrt zu einer
Verschiebung der 4+ Valenz zu einer 3+ Valenz [4]. Dies ist deshalb mo¨glich, da La3+ das gro¨ßte
sterische Volumen aller RE-Ionen besitzt. Hierbei vergro¨ßert sich das ra¨umliche Volumen des
RE-Gitterplatzes und die Ce-Valenz kann sich in Richtung des favorisierten Ce3+ verschieben. Die
Frage, ob die Substitution von Ce durch La auch in Verbindungen mit der ThMn12 Struktur zu
einer solchen, durch großes sterisches La-Ion Volumen verursachten, Verschiebung der Ce-Valenz
Richtung 3+ fu¨hrt, wurde in dieser Arbeit anhand des Fe-Ce-La-W-Diffusionspaars untersucht.
Es ist bekannt, dass die Fe-La basierten intermetallischen Verbindungen, auch nach Wasserstoffab-
sorption, nicht die ThMn12 sondern die NaZn13 Kristallstruktur bilden [5]. Die Untersuchung des
Mischmetallsystems im Fe-Ce-La-W Reaktionstiegel zeigte, dass obwohl La-enthaltende Legierun-
gen nicht die ThMn12 Kristallstruktur bilden, einige Ko¨rner mit Streifendoma¨nenmuster detektiert
wurden. Diese wiesen jedoch einen sehr niedrigen Doma¨nenkontrast auf, siehe Fig. 0.3b. Weitere
kristallographische Untersuchungen sind vonno¨ten, um die exakte Struktur dieser La-haltigen
Komponente zu bestimmen.
Mittels High-throughput-Synthese und -Analyse sind in dieser Arbeit eine große Anzahl von
neuen hartmagnetischen Zusammensetzungen gefunden worden. Drei der prominentesten dieser
Phasen mit der Nd2Fe14B (2:14:1) und mit der ThMn12 (1:12) Kristallstruktur sind in Fig. 0.4
dargestellt. Die abgescha¨tzten intrinsischen magnetischen Eigenschaften sind Js = 1.32, 1.43,
und 1.3 T, bzw. K1 = 1.45, 3.1, und 4.4 MJ/m3 jeweils fu¨r die (Nd1−xYx)2Fe14B (0 ≤ x ≤
1), Ce1−xSmxFe11W (0 ≤ x ≤ 1), und Sm(Fe1−x−yMoxAly)12 (x = 0.137, 0.083 and y = 0.062,
0.065) (siehe Fig. 0.3).
Fu¨r eine eingehende Untersuchung der intrinsischen magnetischen Eigenschaften im gesamten
Temperaturbereich sind Schmelzproben einiger vielversprechender ausgewa¨hlter Phasen hergestellt
und zur Homogenisierung ausgelagert worden. Die Geltung der Mischungsregel bedeutet, dass die
RE-Metalle durchgehend substituiert werden ko¨nnen und dass die intrinsischen Eigenschaften
dem gleichen linearen Trend folgen. In der Reihe mit der Nd2Fe14B Kristallstruktur wurde die
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Abbildung 0.3.: (a) Streifendoma¨nen einer hartmagnetischen Phase in Fe-W-Ce-La RC, in der
Bildmitte. (b) Maximal erreichten Koerzitivfelder fu¨r die Ce1−xSmxFe11W Reihe
angelassen bei 950 ◦C fu¨r 30 min. (c) Anlassparameter und die erreichten
Koerzitivfelder fu¨r die Fe-Mo-Al-Sm Systeme.
Substitution von Nd durch andere RE-Metalle untersucht. Die Ermittlung der intrinsischen Eigen-
schaften der (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1) erfolgte durch Doma¨nenanalyse bei Raumtemperatur
(RT). Die Gu¨ltigkeit der Mischungsregel wurde fu¨r die intrinsischen Eigenschaften Js und K1
dieser Reihe bei RT besta¨tigt.
Zwei neue hartmagnetische Komponenten mit der ThMn12 Kristallstruktur sind ebenfalls als
Schmelzprobe hergestellt und mittels Magnetometrie im gesamten Temperaturbereich auf ihre
intrinsischen Eigenschaften untersucht worden. Fu¨r das CeFe11W System stimmen die mittels
Doma¨nenanalyse bei RT abgescha¨tzten Werte mit den magnetometrischen Messungen u¨berein.
Des Weiteren wurde der Zusammenhang zwischen Co-Gehalt und intrinsischen Eigenschaften in
der CeFe11−xCoxTi Reihe mit 0 ≤ x ≤ 3.25 mittels Schmelzproben untersucht. Es wurde erhofft,
dass das Hinzufu¨gen von Co die Austauschkopplung der magnetischen Momente erho¨ht, was zu
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einer Erho¨hung der Curie Temperatur und der Arbeitstemperatur fu¨hren wu¨rde. Die Js und
K1 Werte wurden mittels Doma¨nenanalyse abgescha¨tzt und die exakte temperaturabha¨ngige
Messung der Sa¨ttigungspolarisation wurde mittels Magnetometrie durchgefu¨hrt. Diese Daten
wurden verwendet um mit der Relation K1(T ) ∼ Js(T )3 die Anisotropiekonstante im gesamten
Temperaturbereich abzuscha¨tzen.
Die durch Doma¨nenanalyse und magnetometrischen Messungen erhaltenen intrinsischen Eigen-
schaften waren bei RT in guter U¨bereinstimmung und die Messung der Curie Temperatur TC
zeigte eine lineare Abha¨ngigkeit von der Co-Substitution. Die Kristallstrukturuntersuchungen
zeigten fu¨r die gesamte Reihe die ThMn12 Struktur und es wurde eine Volumenabnahme durch
Co-Substitution im Kristall von bis zu 1 % festgestellt. Das Potential dieses Werkstoffs als
magnetisches Material wurde von Wuest et al. [6] eingehend untersucht.
Zwei verschiedene Mechanismen sind fu¨r die magnetische Ha¨rtung verantwortlich, na¨mlich
der Keimbildungmechanismus (Nucleation) und die Doma¨nenwandverankerung (Pinning). Die
folgende Formel beschreibt sehr gut beide Mechanismen:
µ0Hc = µ0
2K1
Js
α−NeffJs. (0.2)
Die temperaturabha¨ngige Messung der Koerzitivfeldsta¨rke und die Auftragung von µ0Hc(T)/Js(T)
als Funktion von HminN (T)/Js(T) liefert na¨herungsweise eine Gerade. Der Mikrostrukturpara-
meter α kann aus der Steigung ermittelt werden und der y-Achsenabschnitt liefert den Entma-
gnetisierungsfaktor Neff. Ein niedriger Wert von Neff beschreibt eine na¨herungsweise spha¨rische
Kornform. Der sogenannte Smoothing-Effekt, der aufgrund dieser Kornform auftritt, reduziert
die lokalen Streufelder an den Ecken und Kanten der Ko¨rner. Um den genauen Wert von HminN ,
welcher fu¨r bestimmte Fa¨lle den K1-Wert im ersten Term der Gleichung ersetzt, zu erhalten, sind
genaue Kenntniss der Werte fu¨r K1(T), K2(T) und Js(T) notwendig. Diese sind fu¨r Nd-Fe-B,
Pr-Fe-B und Y-Fe-B Magnete bekannt sind. Das quantitative Versta¨ndnis der Korrelation von
Mikrostruktur und Magneteigenschaften erlaubt es, den Ha¨rtungsmechanismus bzw. die Ursache
des magnetischen Verhaltens physikalisch detailliert zu verstehen und ist die Voraussetzung fu¨r
einen maßgeschneiderten neuen Magnetwerkstoff. Als eine Alternative zur Schnellabschreckme-
thode (melt spinning, MS), die zur Herstellung nanokristalliner Magnete benutzt wird, wurde die
Methode des mechanischen Legierens (mechanical alloying, MA) verwendet, um eine passende
Mikrostruktur zu erhalten und magnetische und kristallographische Untersuchungen durch-
zufu¨hren. Hierfu¨r wurden die drei folgenden Systeme ausgewa¨hlt: (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1),
Ce1−xSmxFe11W (0 ≤ x ≤ 1) sowie die Fe-Mo-Al-Sm Serie mit variierendem Sm-Gehalt. Der
Prozess des mechanischen Legierens, sowie die Anlasszeit und -temperatur einer Glu¨hbehandlung
zur Ausbildung der gewu¨nschten Kristallstruktur wurde fu¨r die jeweiligen Systeme individuell
angepasst, um optimale Mikrostruktur und ho¨chstmo¨gliche Koerzitivfeldsta¨rken zu erhalten.
Im Fall von (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1) haben sich mit steigendem Y-Gehalt die maximal
erreichten Koerzitivfeldsta¨rken in Richtung ho¨herer Anlasstemperaturen verschoben. Die Koerzi-
tivfelder wurden jeweils bei RT ermittelt. Obwohl es bekannt ist, dass fu¨r das reine Y2Fe14B
System das Fe-Untergitter den einzigen Beitrag zur Anisotropie leistet, fanden Sun et al. [7] dass
der Hauptbeitrag zum Anisotropiefeld HA bei dieser Serie bei allen Messtemperaturen durch das
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(a) MOKE Bild der hartmagneti-
schen (Nd1−xYx)2Fe14B Phase
(x = 0.8).
(b) MOKE Bild der hartmagneti-
schen Ce1−xSmxFe11W Phase
(x =0.4).
(c) MOKE Bild der hartmagneti-
schen Sm(Fe1−x−yMoxAly)12
Phase (x = 0.13, y = 0.06).
Abbildung 0.4.: Drei der prominentesten hartmagnetischen Phasen in Diffusionspaar angelassen
fu¨r 15 h bei 1050 ◦C.
Nd-Ion geleistet wurde und dass dieser Beitrag nichtlinear im Nd-Gehalt war.
Die Messung der Koerzivita¨tfeldsta¨rke zeigte eine nichtlineare Abha¨ngigkeit von der Nd-Konzen-
tration. Die Koerzitivfeldsta¨rke ist von Korngro¨ße, -form und -grenzphasen abha¨ngig, welche in
dieser Arbeit nicht bestimmt wurden. Der Ha¨rtungsmechanismus der (Nd1−xYx)2Fe14B (0 ≤ x
≤ 1) Reihe wurde jedoch theoretisch aus den vorhandenen Daten der im Detail untersuchten
RE2Fe14B Magnete abgescha¨tzt und diskutiert. Diese Resultate lassen auf Keimbildung als
Ha¨rtungsmechanismus schließen. Fu¨r das Ce1−xSmxFe11W (0 ≤ x ≤ 1) System fu¨hrte die Substi-
tution von Sm zu ho¨heren Koerzitivfeldsta¨rken, welche ihr Maximum bei einer Wa¨rmebehandlung
von 950 ◦C und 30 min erreichten. Trotz der nicht vollsta¨ndig homogenen Legierung, die mit dem
vorhandenen experimentellen Setting nicht zu erreichen war, weist die Auftragung der Koerzitiv-
feldsta¨rken in Abha¨ngigkeit des Sm-Gehalts einen nichtlinearen, na¨herungsweise exponentiellen
Verlauf auf, der ku¨rzlich auch beim System Ce1−xSmxFe11Ti (0 ≤ x ≤ 1) beobachtet wurde [6]
(siehe Fig. 0.3b). Anders als bei (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1) existieren zum heutigen Zeitpunkt
keine theoretischen Modelle fu¨r diesen exponentiellen Verlauf der Koerzitivfeldsta¨rke fu¨r Ce-
haltige Verbindungen. Dies ist wahrscheinlich deshalb der Fall, da Ce in den ThMn12 Systemen
einen Beitrag zur Anisotropie leistet und es kein Modell dafu¨r gibt, welchen Beitrag ein jeweiliges
Untergitter zur Anisotropie leistet. Ein mo¨glicher Grund fu¨r die niedrige Koerzitivfeldsta¨rke
kann die Valenzfluktuation des Ce-Ions sein, die in Ce-haltigen Materialien mit verschiedenen
Kristallstrukturen existiert. Ein weiterer Grund hierfu¨r ist die Korngro¨ße der Ce-haltigen Proben,
im Vergleich mit den rein Sm-haltigen, wie zum Beispiel in [6] diskutiert wurde. Weitere theoreti-
sche und experimentelle Untersuchungen sind erforderlich, um den Ursprung dieses Verhaltens
zu kla¨ren.
Ein weiteres System mit ThMn12 Struktur ist die Sm(Fe1−x−yMoxAly)12 (x = 0.137, 0.083
and y = 0.062, 0.065) Reihe, die in dieser Arbeit untersucht wurde. Die erreichten maximalen
Koerzitivfelder liegen in den durchgefu¨hrten Experimenten unterhalb der in der Literatur be-
richteten Werte [8]. Des Weiteren wurde das Auftreten von großen Koerzitivfeldern von 5.03 T
(∼ 4000 kA/m), die im System Fe70Ti10Sm20 bekannt sind [9] im Fe-Sm-Mo System untersucht.
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Die Resultate zeigen, dass die A2-Phase (mit der Fe17Nd5 Kristallstruktur [10]), die sich bei
Temperaturen unterhalb von 900 ◦C bildet und auch im Mo-haltigen System in dieser Arbeit
festgestellt wurde, verantwortlich fu¨r das Auftreten der großen Koerzivita¨t ist. Das maximal
erreichte Koerzitivfeld betrug jedoch nur 0.49 T (∼ 390 kA/m). Die Untersuchung der Mo-haltigen
Systeme mit unterschiedlichen Seltenerdmetallgehalten zeigte, dass die Behandlungsparameter je
nach RE-Gehalt und benutzten Additiven variierten (siehe Fig. 0.3c). Daher war es notwendig,
fu¨r jedes System eine eingehende Untersuchung der Behandlungsparameter durchzufu¨hren, um
maximale Koerzitivfelder zu erhalten. Der Vergleich mit der Literatur zeigt, dass sowohl die
Doma¨nenwandverankerung als auch der Keimbildungsmechanismus in den Systemen mit der
ThMn12 Kristallstruktur fu¨r die magnetische Ha¨rtung eine Rolle spielen [11].
Insgesamt war das Resultat dieser Arbeit eine Verfeinerung der High-Throughput-Bulk Methode
und die Entdeckung einiger neuer magnetischer Materialien, sowie Herstellung von nanokris-
tallinen Magneten auf deren Basis. Die magnetischen und kristallographischen Vermessungen
der hergestellten nanokristallinen Magnete leisten einen ersten Beitrag zum Versta¨ndnis der
Ha¨rtungsmechanismen und des Potentials dieser Materialien als Permanentmagnete. Die Er-
gebnisse in dieser Arbeit bilden die Grundlage fu¨r weitere experimentelle Untersuchungen der
Magnete basierend auf diesen neuen hartmagnetischen Phasen.
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1. Introduction
Rare-Earth-transition metal (RE-TM-based) permanent magnets (pm), which were discovered in
the late 1960s, are the most powerful magnets used in the industry. Pms have applications in a
wide variety of fields, such as medicine, magnetic recording, hard disc drives, wind turbines, and
electric motors to name a few. The most popular magnets with the highest maximum energy
product of up to (BH)max∼450 kJ/m3 are the Neodymium-Iron-Boron Nd2Fe14B based magnets
(2:14:1 crystal structure). The drawbacks of these pms are their high cost, their poor corrosion
resistance, and the low Curie temperature of ∼312 ◦C. Although the Curie temperatures of Sm-Co
magnets are high, they are used less frequently due to their cost. Examples of such compounds
are SmCo5, with a (BH)max of roughly 200 kJ/m3 and a maximum operating temperature of
up to 250 ◦C, and Sm2Co17, with a (BH)max of roughly 260 kJ/m3 and a maximum operating
temperature of up to 550 ◦C. For the production of magnets, two different methods are used,
namely sintering and melt spinning. The first method leads to microcrystalline magnets with
a grain size in the µ m range, and the second to nanocrystalline magnets with a grain size on
nm scale. As an alternative to melt spinning (MS), mechanical alloying (MA) can be used to
produce a nanocrystalline material and was used in this work.
In recent years the search for new pms containing more abundant rare earth metals (RE),
drastically reduced RE content or being entirely free of RE has been a focus of interest. For a
higher component system with up to five elements based on TM-RE, there are up to 500.000
possible intermetallic combinations, of which very few have been investigated in detail. The thin
film approach by Takeuchi et al. [12] and the bulk method developed at Aalen University [13,
14] and also used in this thesis, are two high-throughput synthesis methods. By using the thin
film approach compounds with up to ternary composition can be studied (from purely technical
point of view also possible for higher component system), whereas the bulk approach makes the
fabrication of higher component systems possible. In this work, the method of high-throughput
bulk synthesis based on heterogeneous nonequilibrium states and efficient analysis of correlative
microscopy was used. The main advantage of the used bulk method, in comparison with the thin
film approach is that the phases produced by the latter are not always stable as bulk. Utilizing
this approach, it was possible to find several promising new materials and estimate their intrinsic
magnetic properties by means of domain pattern analysis. For a successful screening of systems
which can be analyzed in a reasonable amount of time, an effective concept for restriction and
prioritization is crucial. Cerium (Ce) and Lanthanum (La) are the most abundant RE-metals on
the earth’s crust, which leads to lower cost in comparison with Sm and Nd. Therefore, the focus
1
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of the search lay on Fe-Ce and Fe-La based materials. However, since the Fe-La-based compounds
do not form the ThMn12 crystal structure, which is one of the prominent candidates for new
hard magnetic materials, but the NaZn13 structure [15], most of the detected new compounds
contain Ce and not La. Ce exists in two different ionic configurations, the γ-type Ce3+ and the
α-state Ce4+. The latter is referred to as impure for reasons of crystalline anisotropy [2]. The
valence fluctuation resulting from the existence of these two states for the CeRu2 and Ce2Fe14B
compounds has been amongst others studied in [2], but for the system with ThMn12 structure
such as Ce(Fe,Ti)12 few theoretical studies have been undertaken [1].
The addition of new elements to hard magnetic compounds could result in an enhancement of
the intrinsic properties. Furthermore, the substitution of more abundant RE-metals could lead to
a reduction of the cost while maintaining the intrinsic properties. In this work, both approaches
were investigated and a study of the gradual substitution of the RE-metals and the effect on
intrinsic properties was performed. Good intrinsic properties, high values of the saturation
polarization Js, the anisotropy constant K1, and the Curie temperature TC , combined with a
suitable microstructure (extrinsic properties) are the prerequisites for a good permanent magnet.
Using MA, it was demonstrated that a suitable microstructure for the chosen new magnetic
materials could be produced and coercivities to up to ∼350 kA/m were obtained, which indicates
that under optimal conditions these compounds can be used as pms.
This thesis is organized as follows: first, the basic concepts of magnetism, the magnetization
processes and a brief introduction to crystal field theory is given (Chap. 2). Subsequently, an
overview of the magnetic materials known in the literature with various crystal structures is
given in Chap. 3. The utilized methods and materials are discussed in the following (Chap. 4).
A selection of the promising new hard magnetic compounds found in reaction crucibles (RC) and
their intrinsic magnetic properties is given in Chap. 5. A detailed investigation is carried out
for the compounds based on the Nd2Fe14B crystal structure. Arc melting samples are produced
to determine the intrinsic magnetic properties, and using mechanically alloyed (MA) bonded
magnets the coercivity behavior of the (Nd1−xYx)2Fe14B series are examined in Chap. 6. The
magnetic compounds with the ThMn12 crystal structure are investigated in Chap. 7. The intrinsic
magnetic properties are determined for the whole temperature range and the coercivity behavior
at RT of the chosen MA samples are examined. The process of MA and the annealing parameters
for the investigated systems had to be developed and adjusted in comparison with the series
studied in Chap. 6. The reason for the lower coercivity values of the Ce-rich compounds with the
ThMn12 crystal structure, in our case the (Ce1−xSmx)Fe11W, which is still an ongoing research
topic and not fully understood to date, is discussed and is in full accordance with the results in
the literature [11, 6]. A summary of the obtained results is presented in Chap. 8.
2
2. Magnetism
In this chapter, an overview is given of basic definitions of magnetism. The processes of magnetic
reversal under the influence of an external applied magnetic field as well as magnetization
processes, temperature dependence of magnetic properties and crystal field theory are discussed.
A comprehensive and detailed introduction to magnetism is provided in [16, 17, 18, 19]. If not
declared differently, this chapter follows these references. Furthermore, the principles of ions in
crystal fields are explained in [20, 16, 21, 22].
2.1. Basic definitions
In vacuum the relation between magnetic flux B density and magnetic field H with the vacuum
permeability µ0= 4 pi*10−7 N/A or (Vs)/(Am) is given by:
B = µ0H. (2.1)
In the presence of other materials this relationship changes either to
B = µ0µrH (2.2)
or additive through magnetization M or by polarization H with the dimensionless quantity called
magnetic susceptibility χ with the relation M= χH which results in
B = µ0H+ J = µ0(H+M) = µ0H(1+ χ) = µ0µrH. (2.3)
In general, the susceptibility χ = dMdH is a measure for magnetization of material. Different types
of magnetism are defined by different χ values:
• diamagnetic materials dM antiparallel to dH: χ < 0
• paramagnetic materials dM antiparallel to dH: χ > 0
• superconductors χ = -1
The magnetic properties of solids greatly depend on the electric properties of the electrons in the
material. The spin moment and the angular momentum are respectively given by:
M (s)z =
e h¯
m
Sz (2.4)
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and
M (B)z =
e h¯
2mn (2.5)
where n∈N and
µB =
e h¯
2m = 9.2740 ∗ 10
−24 J/T (2.6)
with the gyromagnetic ratio g ≈2 as the magnetic moment, e the charge of electron (1.6022 ∗
10−24), m the mass of electron (9.109 ∗ 10−24 kg), and h¯ = h/2pi the reduced Planck constant
(1.0545718 ∗ 10−34 Js). This implies that magnetic moments of ferromagnetic materials are mainly
dependent on the spin moment, M and mechanical orbital momentum L is given by:
M = gµB
h¯
L. (2.7)
2.2. Ferromagnetism
Ferromagnetism is a purely quantum mechanical phenomenon. The exchange energy in quantum
mechanics is the difference between spin triplet and singlet state. The exchange integral is given
by:
J =
∫
ψi(1)ψj(1)
e2
r12
ψi(2)ψj(2)dτ1dτ2. (2.8)
The interaction between the magnetic moments is described by exchange interaction via the
Heisenberg Hamiltonian:
H = −2JijSiSj (2.9)
with Sj and Si being the dimensionless Pauli-matrices [ 1 00 1 ] and [ 0 11 0 ] and
[ 0 −i
i 0
]
and
[ 1 0
0 −1
]
. For
Jij > 0 the parallel spin orientation exists, and the material is ferromagnetic, for Jij < 0 the
antiparallel orientation exists and is antiferromagnetic. In a lattice this Hamiltonian generalizes
to [16]:
H = −2
∑
i>j
JijSiSj . (2.10)
The exchange constant A is macroscopically equivalent to exchange energy and is given by:
A = c
JS2
a
= c
3kTCS
2a(S + 1) (2.11)
with a being the lattice constant, S the spin, k the Boltzmann constant 1.3806 ∗ 10−23 J/K, and
c = 1 for the cubic primitive lattice, c = 2 for the bbc lattice and c = 4 for the fcc lattice, and TC
the Curie temperature. Unlike the H2-molecule the exchange energy cannot be calculated easily
in ferromagnetic transition metals. 3-d electrons in metals cannot be fully described as localized
or non-localized. Generally speaking, due to the exchange energy in ferromagnetic materials, the
Coulomb energy is reduced if at least one part of quantum states is occupied with one electron.
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Most metals are paramagnetic since a decrease of Coulomb energy leads to an increase of kinetic
energy of atoms. This is because one population of electrons must occupy higher energy levels
in between the sub bands for (+) and (-) spins. Dependent upon which energy contribution
dominates, an ordered or non-ordered spin configuration will occur. The ferromagnetic order
is favored if the energy bands are narrow. In this case, the electrons cross over to unoccupied
energy levels. Stoner-Wohlfarth describe this behavior in the condition for:
JN (EF )Ω0 > 1 (2.12)
with J indicating the exchange integral per electron, N(EF ) the density of states on Fermi-level,
and Ω0 the atomic volume. The above equation allows a simple qualitative discussion which is a
necessary prerequisite for ferromagnetic spin order:
• exchange integral is positive and preferably big,
• high density of state reduces the kinetic energy and favors the ferromagnetic order,
• half filled, thin energy bands (like TM) are predestined for a big density of states.
There is only a small range of interatomic distances within which ferromagnetism occurs. The
energy gain through parallel emplacement of spins is greater than the energy required to lift
the electrons to unoccupied levels. The Bethe-Slater curve visualizes the fact that only in the
region with positive ratio of atomic distances rab and radius of the d-shell rd a positive exchange
interaction occurs and the material is ferromagnetic [23]. Paramagnetism and antiferromagnetism
occur respectively at large and small atomic distances (Fig. 2.1). The exchange energies of band
electrons of TM (for the itinerant electrons) are the so called direct or interatomic exchange
coupling. The exchange coupling declines exponentially with exp(−R/a) with the atomic
distance a. The higher the spontaneous magnetization is, the higher the resulting ferromagnetism
and consequently, the Curie temperature TC will be. The exchange constant (2.11) can be
approximately given by:
A = 105 TC x2 (2.13)
where x is for instance in Nd2Fe14B the shortest distance between the Fe-atoms. The temperature
dependence of the exchange constant can be determined in its temperature dependence
A(T ) = const J2s (T ). (2.14)
2.2.1. Magnetism of rare earth (RE) metals
The main exchange mechanism in rare earth (RE) metals is the indirect exchange coupling
between the localized 4f-electrons and 5s-electrons in the conduction band. It is well known
that Hund’s rules are valid for 4f-electrons. The indirect exchange coupling is based on the
polarization of conduction electrons through the exchange interaction with the localized 3d- or
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Figure 2.1.: Bethe-Slater curve visualizes the relation of exchange constant with the ratio of
interatomic distance rab to the radius of the d-shell rd [24].
4f electron. In case of indirect interaction the energy correction in the second order is given as
eigenvalues of an effective Hamiltonian presented by:
HRKKYf = −
∑
ij
JRKKYij SiSj (2.15)
and with the defined function F (x):
F (x) =
sin x− x cosx
x4
(2.16)
the RKKY (Ruderman-Kittel-Kasuya-Yoshida) coupling constant can be given by the following
formula which shows an oscillatory behavior:
JRKKYij =
J2k6F
F
h¯2V 2
N2(2pi)3F (2kFRij). (2.17)
The RKKY interaction has a large range, which for large distances behaves like [25] (see Fig. 2.2)
JRKKYij ∼
1
R3ij
(2.18)
The RKKY-interaction is a second-order effect with the relation
JRKKYij ∼ J2 (2.19)
which is dependent on electron density ne = Ne/V of the non magnetic matrix and kF and F
are given by
kF = (3pi2ne)1/3 ; F =
h¯2
2m∗ (3pi
2ne)
2/3 (2.20)
with m∗ being the effective mass. In RE-metals the exchange coupling is anisotropic. Although
the spin structure in RE-metals as a result of the alternating sign of the exchange coupling is
complicated, it always has a ferromagnetic part [21].
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Figure 2.2.: Function F (x) which is responsible for the oscillatory behavior of the indirect RKKY
interaction [25].
2.3. Micromagnetism
The theory of micromagnetism was developed by Landau and Lifshitz [26] and Brown [27] to
explain the magnetization processes in a ferromagnet. This theory allows the calculation of
domain structures, domain walls, and inhomogeneous magnetization states in the vicinity of
crystal defects. Another application area is the theory of hysteresis loop and magnetization
processes in real crystalline and amorphous solids. The extent of validity of this theory is large
in comparison with atomic distances, however, minor in comparison with the microscopic sample.
The determination of direction distribution of Js vector as a function of space r, time t and
magnetic field H is the purpose of this theory. The vector of spontaneous polarization Js results
from minimizing the magnetic free enthalpy. Under negligence of temperature dependent effects
solely depend on the polarization vector J= J(r,t). The orientation of the vector can either
be given by direction cosines γi relative to the Cartesian coordinates or by angles of spherical
coordinates φ and θ [28, 17]. The free enthalpy includes the components given in (2.21) [29]. The
last two terms (Φstress +Φms) are due to applied stress and magnetostriction and are neglected
in the following treatment
ΦG = Φex +ΦK +Φs +ΦH +Φstress +Φms. (2.21)
2.3.1. Exchange energy Φex
The exchange term is directly derived from Heisenberg’s exchange energy which is responsible
for the parallel orientation of magnetic moments in a ferromagnet. If inhomogeneities occur
during the magnetization process, an extra effort is necessary, for which the following term can
be derived, where A is the exchange constant defined in (2.11). Φex aims for parallel orientation
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of magnetic moments.
Φex = A
∫
V
[(∇γ1)2 + (∇γ2)2 + (∇γ3)2] dV = A
∫
V
[(∇θ)2 + sin2 θ(∇φ)2] dV . (2.22)
The above term can be simplified to A(∇θ)2, if the magnetization twist is constrained to the
plane φ = constant. This term is then further shortened to A(∂θ/∂x)2, when the magnetization
varies along a single direction, as in a Bloch wall [16].
2.3.2. Crystal anisotropy energy ΦK
Magnetic anisotropy describes the fact that magnetization of a sample is not isotropic, but lies
in a certain fixed direction. Soft magnetic materials have a low and hard magnetic materials a
high anisotropy. The energy density Ea is given by
Ea = K1 sin2(θ) (2.23)
with θ being the angle between the magnetization M and the anisotropy axis. There are 3 types
of anisotropy defined as [16]:
• Shape anisotropy: occurs in samples, that due to their extent cannot break up into domains.
This kind of anisotropy depends on the shape of the material and is not an intrinsic
property.
• Induced anisotropy: originates by applying stress in order to create the easy direction of
magnetization.
• Magnetocrystalline anisotropy: dependent on a crystallographic symmetry. This kind
of anisotropy emerges from the crystal field interaction and spin-orbit coupling, or the
dipole-dipole interaction.
In magnetic solids, the spontaneous polarization lies along the so-called easy axis of the crystal.
This is the axis in which the magnetization, which is dependent on crystal structure, preferably
aligns. The crystalline anisotropy energy is the energy required to change the direction of
magnetization away from this axis. The anisotropy is temperature-dependent and in the absence
of an applied field decreases to zero at TC . Two sources of magnetocrystalline anisotropy are the
following:
• Single-ion contributors: the electrostatic interaction of the magnetic electrons in orbitals
with the rest of the crystal (the so-called crystal field interaction). Due to this interaction,
some orbitals are stabilized and through the spin-orbit interaction, the magnetic moment
is aligned in a distinct direction in the crystal. A set of macroscopic energy terms with a
pertinent symmetry originating from the summation of all ions in a ferromagnetic crystal
is produced.
• Two-ion contributors: depicts the anisotropy of the dipole-dipole interaction. This
anisotropy is of order 100 kJ/m−3 and is a substantial part of ferromagnetic anisotropy in
non-cubic lattices.
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Fe possesses three easy axes, Ni four whereas Co, YCo5 and Nd2Fe14B have a single easy direction,
also denoted by c-axis. This uniaxial anisotropy is a requirement for permanent magnetism.
ΦK is the anisotropy energy which is necessary to deflect the polarization vector from the easy
axis. In transition metals (Fe, Co, Ni) the anisotropy energy has its origin in spin-orbit coupling
energy, which originates from the relativistic interaction of spin and orbit motion. This is also
responsible for the third Hund’s rule. In cubic crystals such as α-Fe the anisotropy energy is
given by:
ΦK =
∫
V
[K1(γ
2
1γ
2
2 + γ
2
2γ
2
3 + γ
2
1γ
2
3) +K2γ
2
1γ
2
2γ
2
3 + ...] dV . (2.24)
Moreover, in the case of uniaxial crystals such as RE2Fe14B with one easy axis as following:
ΦK =
∫
V
[K1 sin2 θ+K2 sin4 θ+ ...] dV (2.25)
where Ki are the anisotropy constants. The signs of these parameters determine the orientation
of the easy axis. The anisotropy energy is often given as mentioned above, in terms of polar
angles of the magnetization direction. In some cases, however, it is appropriate to make an
expansion in terms of the operators Oˆmn of the crystal field Hamiltonian (see Sec. 2.9).
2.3.3. Stray field energy Φs
Inhomogeneous magnetization states, as well as magnetic charges on the surface, produce
stray fields with a potential U with Hs(r) = −∇U(r) which obeys the Poisson’s equation
−∇U = Js(r) = −ρ(r) with ρ(r) being the magnetic charge density. By using the relation∫
BH dV = 0, where the integral is over all space, the demagnetizing energy can be written as:
Φs = −12
∫
V
Hs J dV (2.26)
for the integral over the volume of the magnet which simplifies for the integral over all space to:
Φs =
1
2
∫
µ0 H2s dV . (2.27)
By using Green’s theorem, the above equation can be written as two terms containing the surface
charge σ and volume charge ρ:
Φs =
1
2µ0
∫
S
σ U df− 12µ0
∫
V
ρU dV . (2.28)
2.3.4. Magneto-static energy ΦH
The interaction of polarization with the external field (Zeemann-energy) is given by the following
term, and favors the orientation of polarization along the external field Hext:
ΦZ = −12
∫
V
(Hext J) dV . (2.29)
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2.3.5. Micromagnetic equation
The micromagnetic equilibrium condition is given as:
L = [Js ×Heff] = 0 (2.30)
with Heff being the summation of an effective field generated by the external field and the input of
exchange, anisotropy, stray field, and magnetostatic energies. The Gibbs free energy is minimized
by calculus of variations by minimization of all terms mentioned above for the direction cosines
γi with
∑3
i=1 γ
2
i = 1:
δγiΦG = 0. (2.31)
One must keep in mind that not all terms are known as a function of γi. The variation problem
leads to an integro-differential equation or to a set of coupled differential equations with the first
term being the micromagnetic equilibrium condition in the volume and the second term on the
surface
[Js ×Heff] = 0 and [Js ×∇nJs] = 0 (2.32)
where n is the surface normal. These two Brown equations have in general to be solved numerically
expect in the case of one dimensional Bloch or Ne´el walls.
2.4. Ferromagnetic hysteresis curve
The coercivity (µ0Hc) and remanence (JR), the macroscopic magnetic properties of a permanent
magnet, are shown in a magnetic hysteresis loop (Fig. 2.3). The initial magnetization curve
starts from the demagnetized state (J = µ0H = 0). As the field grows, polarization increases and
the magnetic moments are aligned until the final state of saturation polarization Js is reached.
This first step is an irreversible event. The remanence JR is the remaining saturation at the
point where the applied field is reduced to zero. The coercive field µ0Hc is reached when the
applied field reverses the magnetization and the saturation is reduced to zero. Hard magnetic
materials have a high coercivity (µ0Hc ∼ several T), soft magnetic materials a small one (µ0Hc
∼ mT). Therefore, the coercivity can be viewed as resistance against the magnetic field. The
maximum energy product (BH)max defines the strength of a permanent magnet and is the
highest magnetic energy which can be stored by a magnet. In the representation of magnetic flux
density B(H) = µ0H + J against the applied field µ0H the maximum energy product (BH)max
can be obtained as the rectangular with the highest area in the second quadrant of the hysteresis
loop Fig. 2.3(b). It’s theoretical upper limit is given by (BH)theomax = J2R/4µ0, but only if the
relation µ0Hc > 0.5 JR is fulfilled, and the hysteresis loop is fully rectangular and reversible up
to the inverse field of at least 0.5 JR [18].
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Figure 2.3.: Hysteresis loops: (a) hard magnetic and soft magnetic materials. (b) B versus µ0H
of permanent magnets as well as maximum energy product (BH)max [30].
2.5. Magnetization process in one domain particle
The nucleation field for an ellipsoidal one domain particle is a magnetic field, which irreversibly
reverses the magnetization of the particle and is given by:
µ0HN =
2µ0K1
Js
. (2.33)
A critical size for particles which consist of a single domain is given if the energy needed to form
two 90◦ walls is higher than the stray field energy of the particle. For the demagnetization factor
of Neff = 1/3 this critical radius is given by:
Rcrit = 9µ0
4
√
AK1
J2s
(2.34)
and for real particles by:
µ0Hc =
2µ0K1
Js
α−NeffJs. (2.35)
From linear Brown equations three different reversal modes are obtained: coherent rotation (a),
curling (b), and buckling (c) for a single domain particle. In the coherent rotation mode (Φex = 0
and Φs 6= 0), which occurs in particles with smaller radius, the magnetization is homogeneous in
the particle. During the process of tilting away from the axis the stray field is raised when the
magnetization is perpendicular to the axis as shown in Fig. 2.4 (a). In case of the curling mode,
which occurs in particles with higher radius (Φex 6= 0 and Φs = 0) passing through a vortex
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Figure 2.4.: Demagnetization processes in a homogeneous ellipsoid, coherent rotation (a), curling
(b) and buckling (c) [16].
state dodges the creation of stray field. In this case the magnetization is parallel to the surface.
In long prolate ellipsoids the existence of a further reversal mode, the buckling mode (Φex 6= 0
and Φs 6= 0), is possible. This does not, however, play a role in practice.
Hhom. rot.N =
2K1
Js
− (N‖ −N⊥)
Js
µ0
(2.36)
Hcurl.N =
2K1
Js
−N‖
Js
µ0
+ 2pik A
R2Js
(2.37)
where R is the radius of the particle and N‖ and N⊥ demagnetization factors parallel and
perpendicular to easy axis. The constant factor k is 1.39 for a sphere and 1.08 for an infinitely
long cylinder. For the demagnetization mode the process with the smallest nucleation field is
relevant. Therefore, for particles with smaller radius homogeneous rotation and for those with a
bigger radius the curling process is dominant. By equating the equations (2.36) and (2.37) a
critical radius which separates the two modes is obtained:
rcurl.crit. =
√
2µ0pik
A
N⊥J2s
. (2.38)
For particles with a higher radius a (massive) domain formation occurs and the demagnetization
process is dominated by movements of the Bloch walls. In the special case where the second
anisotropy constant K2 becomes relevant (4|K2| > |K1|) only a reversible rotation from the easy
axis at H ′N = HhomN occurs [31, 32]. The irreversible demagnetization starts at:
µ0H
′′
N =
8µ0K2
3
√
3Js
(1+ K1 +Kd2K2
) with Kd =
J22
µ0
(N⊥ −N‖). (2.39)
2.6. Magnetization process in multi-domain particle
Domain theory is an approach to explain the magnetization processes in real materials with
defects and disorders, which have a crucial influence on the process. Domains are defined as
large areas with homogeneous magnetization in opposite easy directions. Macroscopic samples
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tend to form domains if the energy gain of stray field minimization is higher than the energy
necessary to build the domain walls. The existence of alternating orientation of domains results
in areas where the magnetization direction changes referred to as domain walls. A sudden change
in direction would require an energy of 4J S2/a2 ≈ 2A/a ∼ 0.1 J/m−3. In reality, however, both
the exchange and anisotropy are responsible for a gradual rotation of magnetization in an area of
10-100 nm as domain walls with δw = pi
√
A/K1 and a wall energy γw = 4
√
AK1 ∼ 1 mJm−2 [18].
Two different types of domain walls are Bloch and Ne´el walls. 180◦ walls are domain walls
between two different domains with an antiparallel orientation of magnetization. For Bloch walls,
the magnetization twists its direction in the plane of the wall. Bloch wall does not generate any
divergence of magnetization. The form of the Bloch wall can be determined by clockwise (or
anticlockwise) rotation. To calculate the form of the Bloch wall, one has to minimize the free
energy by considering only the first term of the anisotropy under the assumption of a positive
K1. This leads to the fact that θ = 0 and θ = pi are the equal easy directions. By minimizing
the integral in the form of
∫
F (x, θ(x), θ′(x))dx:
Φ = Φex +Φa =
∫
[A(∂θ/∂x)2 +K1 sin2 θ] dx, (2.40)
the domain wall width and energy are obtained:
δw = pi
√
A
K1
(2.41)
γw = 4
√
AK1 (2.42)
Ne´el walls are higher energetic than Bloch walls and do not create any surface charge with a
corresponding stray field. Only in films, which are thinner than the wall’s width, Ne´el walls are
stable. The demagnetization factors in a bulk sample for Bloch and Ne´el walls are respectively 0
and 1. In general, wall types with the smallest stray field are preferred [16]. According to [33],
the critical extent of a sample, in which Bloch and Ne´el walls are energetic equivalent are given
by Dcri = 0.14
√
A/K1 and the exchange length
√
A/K1 which is the measure, therefore, that
a perturbation of a homogeneous magnetization distribution falls to a value of 1/e-fold (see
Fig. 2.5).
2.7. Magnetic hardening and coercivity mechanism
A real ferromagnet consists of single and multi domain particles. No material is perfect and
contains inhomogeneities or defects. Craggedness of the surface are sources of local demagneti-
zation fields, which act as nucleation centers and reduce the coercivity. The real coercivity in
magnetic materials is always smaller than the anisotropy field HA = 2µ0K1/Js (generally 20-30
%) which is known as Brown’s paradox [34]. Magnetic inhomogeneities in sintered magnets such
as non-magnetic and misoriented grains as well as missing non-magnetic grain boundary phases
and extended transition regions between the magnetic matrix grains and the non-magnetic grain
13
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(a) Domain wall rotation (b) Bloch (I) and Ne´el (II) walls
Figure 2.5.: Representation of domain walls as well as Bloch and Ne´el walls [16].
boundary phase and microstructural inhomogeneities are possible sources for lower coercivi-
ties [35]. In this thesis, the notation by Kronmu¨ller is used [36, 32]. Two distinct mechanisms,
namely, the pinning and the nucleation mechanism are responsible for magnetic hardening. The
following formula describes the coercivity of both models
µ0Hc = µ0
2K1
Js
α−NeffJs (2.43)
with microstructural parameters α and Neff, which are discussed in detail in particular cases. In
Fig. 2.6 different coercivity mechanisms are shown for an ideal particle as a function of particle
size.
2.7.1. Nucleation mechanism
The nucleation mechanism occurs in defect-poor, single or multi-domain particles in µm scale,
which behave like single domain particles after magnetization. The microstructural parameter α
consists of three different parameters α = αψαKαex
• misaligned grains: αψ
• inhomogeneous regions: αK
• exchange coupling: αex
which are discussed in detail and explained in the following.
Misaligned grains: microstructural parameter αψ
The angle ψ0 defines the angle between the orientation of the c-axis and the applied field.
The nucleation field for these misaligned grains is decreased by the factor αψ [37, 38]. The
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Figure 2.6.: Representation of the coercive field as a function of particle size. (- - - -) represents
an imperfect particle and (—–) a perfect particle [18].
magnetization of an ellipsoidal particle changes its orientation up to an angle θN at which it
spontaneously and irreversibly rotates to a new stable equilibrium.
θN = arctan 3
√
tanψ0 +
2
3
K2
K1 + (N‖ −N⊥)J2s /(2µ0)
. (2.44)
Kronmu¨ller et al. [37] demonstrated that in case of |K1| > 4|K2| (which is valid for Nd2Fe14B for
T > 200 K, see Fig. 2.12) the angle θN and the nucleation field are dependent on the misalignment
of ψ0. The misalignment leads to deviation from the rectangular form of the hysteresis curve
(see Fig. 2.7).
HN (ψ0) =
1{
(cosψ0)(2/3) + (sinψ0)(2/3)
}3/2 [1+ 2K2K1 + (N‖ −N⊥)J2s /(2µ0) (tanψ0)
(2/3)
1+ (tanψ0)(2/3)
]
HN (0)
(2.45)
The nucleation field has its minimum for an angle ψ0 ≈ 45◦. At this field the most unfavorable
oriented grain reverses its magnetization. The nucleation field HminN was calculated analytically
by Martinek [36] for a spherical particle (N⊥ = N‖= 1/3)
HminN =
1
2
√
2Js
[
K1 +
K2
4
(
W − K1
K2
+ 3
)]
∗
√
W
(
K1
K2
+ 1
)
−
(
K1
K2
)2
− 2K1
K2
+ 3 (2.46)
in which W is given by
W =

+
√(
K1
K2
+ 1
)2
+ 8 for K2 > 0,K1 > −2K2
−
√(
K1
K2
+ 1
)2
+ 8 for K2 < 0,K1 > 0
 (2.47)
The demagnetization factor Neff takes the deviation from an elliptical grain into account. The
ideal value of Neff is 1/3 and magnets with the finest grain structure are close to this value [39],
whereas in sintered magnets values up to 2.1 are observed [40].
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Figure 2.7.: Magnetization curve for Stoner-Wohlfarth model [38] for different angles between
the applied field and c-axis. HA is the anisotropy field and H the applied field [16].
Microstructural parameter αK
The local reduction of the anisotropy constant in real magnetic materials has its origin in a
distortion of the lattice due to tension or a change in composition caused by the diffusion
process of other (non-magnetic) phases. Through local reduction of the anisotropy constant, the
nucleation field is reduced by the factor αK which for a one-dimensional model potential is given
by
K1(z) = K1(∞)− ∆Kch2(z/r0)
(2.48)
in which K1(∞) correlates to the magnetocrystalline energy constant within an ideal matrix. ∆K
is the relative decrease on the grain surface and 2 r0 is the extent of the width of the magnetic
inhomogeneity. The microstructural parameter αK was numerically calculated by Kronmu¨ller [35]
from micromagnetic equations:
αK = 1− δ
2
B
4pi2r20
1−√1+ 4pi2r20
δ′2B
2

1− pi2 δ2B
δ′4B
r20 for r0  δB
δ2B
pir0δ′B
+ K1−∆KK1 for 2pir0 ≥ δB
1− K1−∆KK1 for r0  δB
 (2.49)
in which δB = pi
√
A/K1(∞) and δ′B = pi
√
A/∆K, respectively are the Bloch wall thickness
inside the matrix and the fictitious Bloch wall thickness in the inhomogeneous area.
Exchange coupling: microstructural parameter αex
The random anisotropy model by Alben [41] as well as grain size dependence by Herzer [42]
describe the presence of an effective anisotropy constant. In case of exchange coupled grains,
the easy direction is randomly distributed and the exchange length is given by lK =
√
A/K1. If
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lK > d and N being the number of grains in the exchange length volume (lK)3 and d the grain
diameter, the effective anisotropy results in
< K >=
K1√
N
= K1(
d
lK
)3/2 and K
4
1
A3
d6 = K1(
d
δB
)6pi6 (2.50)
with leffK =
√
A/ < K > as effective exchange length. Under the assumption that the exchange
length is self-consistent to < K > the right term of the equation (2.50) follows. This effect occurs
only when the grain diameter is smaller than domain wall thickness δB, which is the case for
systems such as Fe60Co30Zr10 and does not occur in hard magnetic materials with d < δB [18].
The occurrence of random anisotropy effect is unlikely for hard magnetic materials, due to the
condition d < δB is not fulfilled.
The exchange interaction between the well aligned and highly misaligned magnetic grains, which
are directly coupled to each other, decreases the coercivity. The reversal of magnetization of these
grains is explained by reversible rotation [43]. The exchange coupling between these grains with
the ones in their vicinity leads to simpler magnetization reversal of the grains in the surrounding.
The coupling leads to a collective reversal of all grains induced by the grain with the highest
misalignment (pi/4 < ψ0 < pi/2). The average coercivity of these grains is roughly 0.25 (2K1/Js)
and the microstructural parameter αex is about 0.5.
2.7.2. Pinning mechanism
Magnetic reversal by domain wall motion is an alternative process. Pinning of domain walls by
point defects and planar defects are the two possible scenarios. Atomic defects are, for example,
vacancies, self- and impurity interstitials, as well as substitutional atoms or atomic disorder in
ordered alloys which is denoted by weak pinning [18]. Pinning centers as point defects and the
propagation of the reversed domain in the bulk is visualized in Fig. 2.8. Planar defects are far
more efficient pinning centers than point defects since the domain wall can be trapped in its
entirety, which is therefore referred to as strong pinning. Examples of planar defects of atomic
width are stacking faults, antiphase boundaries in intermetallics, and grain boundaries between
grains of various phases and orientations. The pinning mechanism occurs e.g., in Sm2Co17-based
magnets. However, it is unavoidable that some defects can occur in any magnetic material. For
the pinning mechanism the microstructure parameter α is given by αpinK α
pin
ψ where ψ is the angle
between the applied field and the c-axis and the microstructure parameter αpinψ is given by [44]:
αpinψ =
1
cosψ0
. (2.51)
The pinning of domain walls can, in case of planar defects, be treated by micromagnetism theory
as done by Eshelby [45], Kronmu¨ller [46] and Friedberg [47] or by discrete Heisenberg model
as done by Hilzinger [48, 49, 50]. In case of a planar defect with n atomic layers of interatomic
distance d, the width of the defect is given by D = (n− 1)d and is divided into three regions
as shown in Fig. 2.9. The first and third regions are treated by the continuum model and the
inner region, containing the defect and n atomic layers is treated by the discrete Heisenberg
model. The exchange constant A and the anisotropy constant K1 have different values in the
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Figure 2.8.: Process of magnetic reversal by pinning: A is the reversed domain which occurs
in bulk at a defect, or from a spontaneous thermal fluctuation. B is grown reverse
domain trapped at pinning centers and C is a reverse domain nucleating at a surface
asperity [16].
outer regions whereas in the internal area and domain walls they are considered to be parallel to
the planar defects. As stated by Kronmu¨ller [46] the total wall energy per unit area in a uniaxial
crystal is given by:
γ = 2
√
AK1(2− cosϕ1 + cosϕn) + d(0.5K11 sin2 ϕ1 +
n−1∑
i=2
Ki1 sin2 ϕi + 0.5Kn1 sin2 ϕn)
+
n−1∑
i=1
2Ai,i+1
d
[1− cos(ϕi+1 −ϕi)]
where ϕi is the angle between the easy axis and the spins of the i’th layer, and d is the distance
in between the bordering atomic layers n. Only half of the crystalline energy of the transition
layers for ϕ = ϕ1 and ϕ = ϕn is considered, in order not to overlap. The total wall energy is
minimized concerning ϕi. In the case of all perturbed layers having the same material parameters
Ki1 = K
∗
1 and Ai,i+1 = A∗ the coercivity is given by [51, 52]
µ0Hc = µ0
pi
3
√
3
αpinψ
nd
δB
∣∣∣∣∣∣ AA∗ − K
∗
1
K1
∣∣∣∣∣∣2K1Js −NeffJs (2.52)
If the planar defect is heavily perturbed with Ki1 = 0 and A/A∗ = 2 and nd= 0.25 δB for
αpinK the value pi
√
3/18 ≈ 0.3 is obtained. In case of increased values of A and K1 within the
planar defects large αpin-values are achieved. As demonstrated in Fig. 2.10a the microstructural
parameter αpinK increases linearly as a function of r0/δB [44]. If a planar defect r0 is wider than
the wall width δB, obtained coercivity can be written as
µ0Hc = µ0
1
2Js
αpinψ
dγ(z)
dz
∣∣∣∣∣
max
−NeffJs. (2.53)
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Figure 2.9.: Spin configuration of the domain wall at a planar defect [49].
with dγ(z)/dz|max being the maximal slope of the wall energy γ where γ(z) = 4
√
AK1(z). Under
the assumption of a K1 profile in which K1(∞) is the value in the matrix and ∆K correlating to
K1-decrease inside the inhomogeneity, the coercive field for ∆K = 0.9K1(∞) is given by
µ0Hc = µ0
2K1(∞)2δB
3piJsr0
αpinψ −NeffJs = µ0
γB
3Jsr0
αpinψ −NeffJs (2.54)
where αpinK = 2δB/(3pir0). For r0/δB=2 a value for α
pin
K ≈ 0.1 is obtained. If K1(z) has a
Gaussian profile, similar results can be achieved [53].
2.7.3. Comparison of coercivity mechanism
There are two ways to differentiate between the nucleation and pinning mechanism. First, the
theoretical course of the curve of αK as a function of δB/r0. As demonstrated in Fig. 2.10a,
the microstructural parameter αK of pinning is in accordance with theoretical derivation for
r0/δB > 1 and in the area r0/δB ≈ 0.6 a crossover point is regarded, which simultaneously is
the maximum value of coercivity by pinning mechanism walls. For a value of r0/δB ≈ 1.688 the
maximum coercivity which can be obtained by pinning mechanism and a maximal αpinK = 0.3 is
given by
µ0Hc = µ0
2K1
Js
0.3−NeffJs (2.55)
The results indicate that for lower values both mechanisms may be responsible. However, for
higher values of αK nucleation is the dominant mechanism [44]. The angular dependence of
the parameter αψ for both mechanisms is demonstrated in Fig. 2.10b. It is noteworthy that
αpinψ increases through the whole range of ψ, whereas for the nucleation mechanism a minimum
is present at ψ0 ≈ 45◦ and this value is always lower for the nucleation mechanism for ψ > 0.
Another option to identify the hardening mechanism is demonstrated in Fig. 2.11. For nucleation
controlled magnets the domain walls move without any hindrance throughout the material,
whereas in case of pinning type magnets the domain walls get stuck by the pinning centers until
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(a) (b)
Figure 2.10.: (a) Comparison of microstructural parameter αK as a function of r0/δB for nu-
cleation and pinning mechanism. (b) Comparison of angular dependence of mi-
crostructural parameter αψ for both pinning and nucleation mechanism [44].
the depinning field is achieved, resulting in different behavior of the initial curve of the hysteresis
loop.
2.8. Temperature dependence of magnetic properties
The spontaneous magnetization is temperature-dependent. Js as function of temperature in
which Js(T , 0) is the given at zero magnetic field, which can be determined with the help of 1/H
or 1/H2 plot, is given by:
Js(T , 0) = Js(0)
(
1−
(
T
T0
)3/2)
(2.56)
matching the Bloch‘s T 3/2 law, for thermally excited spin waves. The energy dispersion relation
of spin waves as a function of the wave number k, with Dsp being the spin wave stiffness constant,
is given by:
k = Dspk
2. (2.57)
The spin wave stiffness constant and the characteristic temperature T0 are given by [18, 54]:
T0 =
(
Ms0
0.117µB
)2/3 Dsp
kB
(2.58)
and the exchange constant yields by the relation (g = Lande´ factor ≈ -2 for electron, kB the
Bolzmann constant = 1.38064 *10−24 J/K, and A the exchange constant)
A(T ) =Ms(T , 0)Dsp/(2gµB). (2.59)
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Figure 2.11.: Hysteresis curve of nucleation (a) and pinning (b) controlled magnets [16].
Given this relation, the temperature dependence of magnetization can be calculated until values
up to 0.3-0.5 of TC by means of Bloch’s T 3/2 relation [54, 18]. The anisotropy constant is a
decreasing function of temperature and reaches the zero point slightly before reaching the Curie
temperature TC . The temperature dependence of the anisotropy constant can be derived as
follows [55], where Sn is a surface harmonic of order n with an opportune symmetry:
Emag =
∑
n
EnSn(α1,α2,α3) (2.60)
and αi assigns to the direction cosines of the macroscopic J which leads to the relation between
En(T ) and En(0) and n = 2 for uniaxial anisotropy and n = 4 for cubic anisotropy
En(T )
En(0)
∝ Kn(T )
Kn(0)
=
Js(T )
Js(0)
n(n+1)/2
and K1(T )
K1(0)
=
Js(T )
Js(0)
3
. (2.61)
The best results for this model are achieved for Fe and Co [56]. As studied by Hock [57] and
Kronmu¨ller and Herzer [31, 32] in the Nd2Fe14B system, the second anisotropy constant increases
at lower temperatures and the relation 4 K2 > K1 is not valid for temperatures below 280 K
(see Fig. 2.12). In this case, the anisotropy field HA is replaced by the nucleation field, which is
given by:
HN =
8K2
3
√
3Js
(
1+ K12K2
)3/2
. (2.62)
2.9. Crystal field theory
In a solid, the magnetic sites are in interaction with their near neighbors. An atom or ion
with a closed electronic configuration with additional valence electrons interacts through the
Coulomb interaction of its electronic charge distribution ρ0(r) with the surrounding charge which
is denoted by crystal field interaction. The present crystal field leads to the quenching of orbital
angular momentum and the development of single-ion anisotropy. The full Hamiltonian of an ion
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Figure 2.12.: First, second and third order crystal anisotropy constants as a function of tempera-
ture for the Nd2Fe14B system [57].
in a solid is given by:
H = H0 +Hso +Hcf +HZ (2.63)
where H0 represents the Coulomb interaction leading to the total spin and orbital angular
moment L and S, Hso being the spin orbit, Hcf being the crystal field and HZ being the Zeeman
term. The crystal field Hamiltonian with the potential ϕcf (r) is given by:
Hcf =
∫
ρ0(r)ϕcf (r)d3(r) (2.64)
In RE-atoms, the following relation holds:
HZ > Hso > Hcf (2.65)
hence the 4f shell is located inside the atom and electrons in the outer shell shield the crystal
field potential ϕcf . The crystal field interaction can be written in terms of angular momentum
as demonstrated by Stevens [58, 59]:
Hcf =
∑
mn
Bmn O
m
n (2.66)
in which Bmn = Amn < rn > θn. The terms Amn < rn > are called crystal field parameters, and θn
are referred to as Stevens factor αJ for n = 2, βJ for n = 4, and γJ for n = 6 (Long in [22], see
also Table A.1 and Table A.2). < rn > is the mean of the n-th power of the 4f radius and its
value was calculated by Freeman [60] based on Dirac-Fock studies of the electronic properties of
RE 3+-ions. The crystal field parameters are generally obtained through experiment. Cadogan
and Coey [61] found that in Nd2Fe14B the most important terms in the potential for Nd sites (Nd
charge 3+) are the second order terms B20 and B22 . In all other REs the ionic charge is also 3+
except for Ce and Yb, which show some unusual behavior originating in the valence fluctuation
(Franse in [22] and Alam et al. [62]). The single-ion crystal field-induced anisotropy of the RE
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component is the root of magnetic anisotropy in permanent magnetic materials. The electrostatic
interaction between asymmetric charge cloud of the 4f electrons and electric charge surrounding
these electrons induces an anisotropy as a result of the crystal field interaction. The sign of
the second order Stevens operator αJ is positive for prolate and negative for oblate 4f charge
distribution. The shapes of the 4f electrons are shown in Fig. 2.13, which solely depend on the
number of the f electrons (f-count). Because of Hund’s rule, the wave function of larger L with
mainly planar shape is the first to be occupied. The absence of crystal field induced anisotropy
in case of Gd is due to the spherical symmetry and L = 0 and αJ = 0, which, therefore, is not
suitable for permanent magnetic materials. The sign of second order Stevens factor αJ determines
whether the anisotropy is uniaxial or basal (Buschow in [22]) for different magnetic compounds.
RE2Fe14B compounds that contain RE-elements with a negative second order Stevens operator
have a uniaxial anisotropy and those that contain RE-elements for which the sign is positive
show a basal anisotropy. For RE2Co17 this is reversed (see Table 2.1).
RE Pr Nd Sm Tb Dy Ho Er Tm
αJ - - + - - - + +
RE2Fe14B ‖c ‖c ⊥c ‖c ‖c ‖c ⊥c ⊥c
RE2Co17 ⊥c ⊥c ‖c ⊥c ⊥c ⊥c ‖c ‖c
Table 2.1.: Sign of the second order Stevens factor for different RE elements and preferred
magnetization direction (Buschow in [22]).
The following equations show a frequently used expression of the first anisotropy constant as a
function of αJ [63].
K1 = −32αJr
2
4fA
0
2(3J2z − J(J + 1)) (2.67)
or in case of J = Jz
K1 = −32αJr
2
4fA
0
2(2J2 − J) (2.68)
where the second Stevens coefficient describes the shape of 4f shell and r24f ≈ 0.05 nm2 being the
squared 4f shell radius, J is the Hund’s rule angular momentum of the RE-ion. The equations
(2.67) and (2.68) are technically limited to the ground-state multiplet. The higher multiplets can
be taken out of consideration since their energies are typically much higher (For details see [63].)
The anisotropy of ThMn12 compounds for Ti and V was studied by Schulz in [22]. In a tetragonal
crystal, a strong easy-axis anisotropy (K1 > 0) is present due to the stabilization of the
magnetization orientation by the charges of its neighbors for Sm-containing compounds. The
replacement of a prolate ion such as Pr or Nd would lead to an easy plane anisotropy by changing
the K1 sign. Since the sign of αJ for Sm is opposite to the ones of Nd or Dy, it is assumed that
the anisotropy behavior of the sublattice is the antipode of Sm, which leads to spin reorientation
at lower temperatures and is responsible for lower anisotropy fields at room temperature. As
shown in the case of RE2Fe14B compounds, the RE-elements such as Pr and Dy which have the
same prolaticity can substitute Nd without having a crucial negative effect on the anisotropy.
23
Magnetism
Figure 2.13.: Charge density distribution for the trivalent RE-ion at T=0. The deviations from
spherical symmetry are not true to scale [16].
One speaks about spin reorientation when the magnetization suddenly changes from easy axis to
easy plane. In case of K2 > 0, the sign of K1 changes at a certain temperature. A continuous
spin reorientation will begin at that specific temperature. This is not always valid as, e.g., spin
reorientation occurs in case of ErFe11Ti to easy cone and ErFe10V2 to easy plane although Er has
a positive αJ value. The calculations by Luong [64] combined with data on the iron sublattice
anisotropy allow the derivation of spin-reorientation temperatures in case of RE = Nd, Er, Tm,
and Y.
As mentioned above, Ce represents a particular case and is not studied in as much detail as
Nd, Y, or Sm containing compounds. The change of valency in CeRu2 and Ce2Fe14B was
examined amongst others by Fruchart et al. [2], but for systems with the ThMn12 structure such
as Ce(Fe,Ti)12 few theoretical studies have been undertaken [1]. Ce exists in two different ionic
configurations, the γ-type Ce3+ and the α-state Ce4+(see Fig. A.1). The latter is referred to
as impure for reasons of crystalline anisotropy [2]. Capehart et al. [3] found a mixed valence
of Ce3.44+ in Ce2Fe14B (see App. A.4). Alam et al. have investigated the site preference and
valency for RE sites in (RE,Ce)2Fe14B [65] as well as the relation of rule of mixture and TC . The
electric state of the most electronegative bonded Ce in Ce2Fe14B changes its electric state by
hydrogen absorption. A value of the magnetic moment close to Ce3+ can be detected by neutron
diffraction. The hydration of Ce2Fe14B show three times higher increase of the TC in comparison
with other RE2Fe14B hydrides. Sugimoto et al. [66] studied the role of valence fluctuation of Ce
and the coexistence of superconductivity and ferromagnetism in the system CeO1−xFxBiS2. The
spectral weight is given by:
4f0
4f0 + 4f1 (2.69)
where f0 is the Ce4+ state and f1 the Ce3+ state. The doping with F resulted in suppression of
the Ce4+ state, which led to systems with the coexisting state of Ce3+/Ce4+ to a Ce3+-Kondo-like
regime. In this case for x >0.4 the spectral weight of Ce4+ is completely nonexistent. The
Ce-S-Ce superexchange was believed to be responsible for the ferromagnetism in this compound.
Koerner et al. [1] also suggest that the Ce4+ state is responsible for the low anisotropy of the
CeFe11Ti compound. However, for ThMn12 compounds the mixed valence is less dominant than
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for Ce2Fe14B. Up to the present, no studies concerning F-doping in permanent magnetic materials
could be found. Jin et al. [4] studied the co-doping of La-Ce in the [(Pr,Nd)1−x(La,Ce)x]2.14Fe14B
system with (0 ≤ x ≤ 0.5) that led to a convergence of the Ce fluctuation from 4+ to 3+ state.
The replacement of La leads to shift the ratio (2.69) towards the favorable Ce3+.
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3. Magnetic Materials
RE-transition metal permanent magnets have the highest maximum energy product. The most
prominent representative of these magnets is Nd2Fe14B. Due to the relatively high price of critical
RE-elements Nd and Dy and the fact that China provides 97% of the RE-supply, alternative
magnetic materials with similar properties are in high demand. Additionally, the low Curie
temperature is another disadvantage of Nd-Fe-B magnets [67]. The magnetic properties of
low-cost magnets like ferrites and AlNiCo are significantly smaller than of RE-magnets. Closing
the gap between low-cost, low-performance magnets and high-cost high-performance magnets is
the aim of this thesis. Alonso et al. [68] published a study concerning the demand of RE metals
for green technology. In any possible scenario, the demand will increase rapidly in the coming
years. This chapter gives an overview of current and potential magnetic materials which are
further studied in this thesis.
saturation anisotropy Curie
polarization constant temperature
Js [T] K1 [MJ/m3] Tc [◦C]
Y2Fe14B 1.38 1.1 298
La2Fe14B 1.30 0.7 250
Ce2Fe14B 1.17 1.7 260
Pr2Fe14B 1.56 5.6 292
Nd2Fe14B 1.61 4.3 312
Sm2Fe14B 1.5 -12.0 345
Table 3.1.: Intrinsic properties of RE2Fe14B with RE = Y, La, Ce, Pr, Nd and Sm [69, 70].
3.1. RE2Fe14B-based Magnets
The most widespread materials with the highest maximum energy product are the Nd2Fe14B-
based magnets. The final magnetic properties are due to both intrinsic properties (saturation
polarization Js, first anisotropy constant K1, and Curie temperature TC) and the microstructure,
which is both dependent on the chemical composition of the compound and the production
method. RE2Fe14B-based magnets can achieve a maximum coercivity Hc of up to 3 T, a
remanence of up to 1.4 T (∼ 1114 kA/m) and a maximum energy product of up to (BH)max=
450 kJ/m3 [71]. This makes them the strongest magnets since their discovery in 1982, and
despite the high cost of Nd (and Dy) they had a market share of 62% in 2011 [72]. These
27
Magnetic Materials
(a) Calculated ternary phase diagram of NdFeB at 1000 ◦C [73]. (b) Crystal structure of tetragonal
Nd2Fe14B lattice and site occu-
pancy [74].
Figure 3.1.: Crystal structure and ternary phase diagram of NdFeB at 1000 ◦C.
magnets are based on excellent intrinsic properties of saturation polarization (Js = 1.61 T),
anisotropy constant (K1 = 4.3 MJ/m3) and Curie temperature (TC = 312 ◦C), and an optimized
microstructure [52]. The intrinsic magnetic properties of pure RE2Fe14B are listed in Table 3.1.
3.1.1. Phase diagram, structure, and magnetic properties
Understanding of phase diagrams, which represent thermodynamic equilibrium conditions, plays
a crucial role in the development of reaction crucible synthesis as well as production and annealing
of arc melting samples. By means of reaction crucible synthesis, the relevant (for magnetic
materials the Fe-rich corner of the phase diagram) can be covered with one sample. Ener et
al. [75] demonstrate for the Fe-Mn-Ga system that the relation of Mn and Ga used in a Fe
crucible influences which part of the ternary phase diagram is covered with the sample.
Binary phase diagrams are for the most part studied [76], although some small changes are
still introduced to this day. In the binary Fe-Nd system the Nd2Fe17 phase was reported by
Schneider et al. [77] in 1987. Later the Fe17Nd5 phase with hexagonal symmetry and a Curie
temperature of 230 ◦C (P63mcm space group) called the A2 phase was discovered [10, 78] and
further studied by Moreau et al. [79]. The relevant binary phase for the ternary Fe-Nd-B system
(see Fig. 3.1a) is, however, the Nd2Fe17 compound. A few ternary systems were studied in detail
like the system Nd2Fe14B (e.g. by Hallemans et al. [81]). The most referred to and most cited
representation of the liquidus phase projection of this system was done by Matsuura et al. [82].
There are three different stoichiometric intermetallic phases, T1 or the Φ-phase (Nd2Fe14B)
with a tetragonal structure and the lattice parameters a = 8.8 A˚ and c = 12.19 A˚ [83, 74, 84,
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Figure 3.2.: Temperature dependent magnetization orientations of the RE2Fe14B series [80].
85], T2 or η-phase (Fe4Nd1.1B4) with a tetragonal symmetry, and the T3 or ρ (Fe2Nd5B6) with
rhombohedral structure [86]. The crystal of the magnetic Φ-phase with its 68 atoms is shown in
Fig. 3.1b with different crystallographic sites, where Nd occupies two different, Fe six different
sites and B one site. The binary Ψ-phase Nd2Fe17 with the Th2Zn17 structure was studied
by Isnard [87]. This phase forms from the metastable non-cubic A1 phase [77] which exists in
binary and ternary systems. In the commercial sintered magnets three phases namely T1, T2 and
L(RE-rich phase) coexist. The optimum sintering temperature for Fe-Nd-B magnets is 1080 ◦C.
Nd2Fe14B magnets are typical nucleation type magnets. An αK parameter greater than 0.3
indicates that nucleation is the governing mechanism and as stated in [44] αex values of 0.93
and 0.9 were measured, whereas in sintered magnets αex is not present (see Sec. 2.7.1). For the
demagnetization factor, Neff values between 5.6-7.2 pi were obtained for a FeNdAlB-magnet [44].
In Table 3.1 the intrinsic magnetic properties of RE2Fe14B at room temperature are given.
Besides the addition of additives to Nd2Fe14B, the substitution of Nd by other REs is a relevant
research topic. The effect of gradual substitution of Nd with Ce in RE2Fe14B on the magnetic
properties and the lattice parameters in melt-spun magnets, for example, was investigated by Li et
al. [88] and for sintered magnets [89, 90, 91]. The saturation magnetization, the coercivity, and
the lattice constants decrease with Ce addition. The magnetization orientation of all RE2Fe14B
compounds was studied in [80] (see Fig. 3.2) at 135 K. The Nd2Fe14B compound showed a
spin orientation transition but the easy magnetization direction (EMD) [22] of the RE2Fe14B
compounds with RE = Ce, Dy, Gd, La, Lu, Pr, Tb, Y (see Fig. 3.2) was parallel to the c-axis for
the whole temperature range.
A major part of this thesis is based on magnetic materials containing Ce. The binary Fe-Ce phase
diagram was studied by Buschow et al. [92]. Besides the cubic CeFe2 with MgCu2 structure,
α-Ce2Fe17 with the hexagonal Th2Ni17, and β-Ce2Fe17 with the rhombohedral Th2Zn17 structure
are present.
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Figure 3.3.: Stability range (black and shaded bar) of additives in ThMn12 crystal in
REFe12−xTMx systems with 0 ≤ x ≤ 12 (Adapted from [106]).
3.2. Systems with ThMn12 and Nd3(Fe,Ti)29: crystal structure
Aside from the Co-Sm and the Nd2Fe14B magnets, the compounds with ThMn12 structure,
first introduced in 1981 by Bodak [93], have gained plenty of interest in recent years. This
compound is built through the addition of stabilizing elements such as Al, Cr, Mo, Si, Ti, V
(see equation (3.1)). In the binary systems, the intermetallic phases with the ThMn12 do not
exist [94]. These phases can only be stabilized by elements such as TM = Al, Cr, Mo, Si, Ti,
V in the range x displayed in Fig. 3.3 (see also Table. A.6). Sm is the most prominent RE in
systems with ThMn12 structure. The compounds with the ThMn12 (1:12) structure and the
monoclinic Nd3(Fe,Ti)29 (3:29) structure, which is an alternate stacking of 2:17 and 1:12 with a
relation of 1:1 [95, 96], were some of the main compounds studied in this thesis. The ternary
phase CeFe11TM (TM = Cr, Mo, Ti, and V) with the ThMn12 crystal structure is known in
the literature and Pan et al. investigated the interstitial addition of N into the Ce(Fe,TM)12
lattice [97]. Akayama et al. [98] also investigated the magnetic properties and lattice parameters
before and after nitrogenation in systems REFe11Ti (RE = Ce, Pr and Nd). Further studies
concerning the interstitial modification by H and N for both ThMn12 and Nd3(Fe,Ti)29 structure
have been undertaken in recent years by numerous authors for example [99, 100, 101, 102, 103,
104, 105]. The pure SmFe11Ti compound with an anisotropy constant K1 of 4.87 MJ/m3 and
a saturation polarization Js of 1.14 T and a Curie temperature TC of 584 K has the highest
measured values [97, 107]. The intrinsic magnetic properties of the (Sm0.5Ce0.5)Fe11Ti were
studied by Kim et al. [108].
Further studies for various RE were done by Kou et al. REFe11Ti (RE = Y, Pr, Nd, Sm, Gd,
Tb, Dy, Ho, Er and Tm)[109]. The pure RE3Fe29 systems are metastable without additives.
Calculations by Cao et al. [110] indicated, that for RE = Sm, Nd the additives TM = V, Ti,
Cr, Mo, Nd stabilize the structure and elements such as Cu and Ag do not. The ternary 3:29
structure (space group A2/m and P21/c) consists of 64 atoms with 13 different crystallographical
sites with two different RE sites and eleven Fe sites, which are partially replaced by the stabilizing
atoms [111, 112, 113]. The 2:17 structure in heavy RE-metals is the hexagonal Th2Ni17 type
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Figure 3.4.: Schematic representation of the structural interrelationships of RE-TM (M= TM)
phases with RE:TM ratios 1:5, 1:12, 2:17, and 3:29 [114].
structure, and for light RE-metals the rhombohedral Th2Zn17 structure is formed. For RE =
Gd, Tb, Y, Ce both structures have been reported. All these structures can be derived from the
hexagonal CaCu5 as demonstrated by Drebov et al. [114] (see Fig. 3.4: with M = TM) (see also
Xu [115, 96] and Li [116]):
2REFe5 −RE+ 2(Fe,TM) = RE(Fe,TM)12 (3.1)
3REFe5 −RE+ 2Fe = RE2Fe17 (3.2)
5REFe5 − 2RE+ 4(Fe,TM) = RE3(Fe,TM)29 (3.3)
RE2Fe17 + RE(Fe,TM)12 = RE3(Fe,TM)29 (3.4)
RE(Fe,TM)12 +RE2Fe17 = RE3(Fe,TM)29 (3.5)
The crystal structure of ThMn12 is displayed in Fig. 3.5, where the RE atoms occupy the 2a
site and the 3d (Fe, Co, Mn...) occupy the three different 8i, 8j, 8f sites and TM atoms occupy
the 2b sites [117]. For all RE metals Fe occupies the 8f site [118], Al the 8i and 8j lattice
sites [119], Mn preferably the 8i site [120] and the 8j site is in system Y(Mn1−xFex)12 randomly
occupied. (In the range of 0.1 > x > 0.5 for the compound is antiferromagnetic). As shown by
Wang et al. [121], Nb occupies the 8i site, and the easy axis anisotropy decreases with increasing
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Figure 3.5.: ThMn12 crystal structure and the different crystallographical sites [118].
Nb-content. Additionally, they showed that Co has a strong preference for the 8f and 8j sites.
A detailed overview of the compounds with this structure is given e.g. in Buschow et al. [105].
It is notable that the Ce and La are the less studied RE’s and no hard magnetic phase has
been reported with La and only recently Ce gained interest and novel hard magnetic phases
such as Ce(Fe12−xCox)Ti were studied [122, 123, 124, 125, 126] (also see Chap. 5). Ohashi et
al. [127] reported that the formation of single phase RETiFe10 for La, Ce, Nd and Pr was not
successful by arc melting, and resulted in the formation of REFe3 and REFe2 phase, which are
formed by peritectic reaction (see Chap. 7). The stability range of additives in compounds
with RE(Fe12−xTMx) for some elements is the following: For V it is 1.5 < x < 3 [128, 129],
for Si, V, Cr, and Mo x is closer to 2 and for Ti and W close to 1.2 (see Fig. 3.3). Nb is a
special case, in which the stabilization occurs for 0.5 < x < 0.8 for RE = Y, Sm, Gd, Tb, Dy,
Ho, Er and Lu [130]. For Al the compositions REFe6Al6 and REFe10Al2 are reported (details
listed in Buschow [105]). There are two distinct crystallographic RE sites in the 3:29 structure,
namely 2a and 4e and fifteen Fe(Ti) sites in the structure. The 4e and 2a RE sites have a local
environment corresponding to those found in Th2Zn17 and ThMn12 respectively. These 2 sites
have opposite signs of A20, with A20 < 0 for the 4e site (2:17 like) and A20 > 0 for the 2a site
(1:12 like). According to the calculations based on the bonding charge model, the compound
R3(Fe1−xTix)29Ny becomes uniaxial anisotropic for y≥2 in case of RE = Nd, Sm [131].
3.2.1. Systems with ThMn12 structure: phase diagram and magnetic properties
In this section, the hard magnetic compounds with the ThMn12 crystal structure are introduced.
The magnetic Nd3(Fe,Ti)29 type compounds with a lower saturation polarization Js and lower
anisotropy constant K1 will not be considered in detail, due to the higher RE-content they
are less interesting from the economic point of view, however, they will be presented in the
results chapter. The isothermal section at 1100 ◦C of the ternary Nd(Fe,Mo)12 phase diagram
by Mu¨ller [132] is presented in Fig. 3.6. As indicated in this diagram, there is a homogeneity
range of three components ThMn12, α(γ) Fe, and Th2Zn17. For other ternary systems with
interesting magnetic compounds, in most cases, only isothermal sections exist. With regard to
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Figure 3.6.: Fe-rich corner of the Fe-Mo-Nd system at 1100 ◦C. The area with ThMn12 and
Th2Zn17 type phases are presented [132].
the Ce(Fe,Ti)12 system on which one of the focus points of this thesis lie, only an isothermal
section at 600 ◦C exists. For the ternary system in which the new compounds Ce(Fe,W)12
and Ce3(Fe,W)29 are found no ternary phase diagrams exist. In system REFe12−xVx the solid
solution range extends from x = 1.4 to x = 4. For the Si and Mo compounds the solid solution
ranges are much smaller and for TM = Ti and W the ThMn12 structure is not observed for x =
2, but for slightly smaller x values (see Fig. 3.3 and [105, 106, 22]).
The most promising candidates with the 1:12 structure are Sm-containing compounds with a
reported anisotropy field value of approximately µ0HA ≈ 9 T (∼ 7162 kA/m) for the Sm(Fe,Mo)12
compound and a Curie temperature of 311 ◦C for the Sm(FeTi)12 compound [133]. This anisotropy
field value is even higher than the reported value of ∼ 7.5 T (∼ 5968 kA/m) for the Nd2Fe14B
compound [134, 135]. As reported by Hu¨tten et al. [11] in 1:12 type compounds the SmO phase
as grain boundary is responsible for the separation of 1:12 grains. As known for these compounds,
Co-addition led to an increase of the saturation magnetization and, as a consequence also the
remanence. The slightly off-stoichiometric compound Sm12Fe78Mo10 was used in studies by
Koestler [134] and shows higher coercivity than the stoichiometric compound. The main hard
magnetic phase was found to be the one with ThMn12 structure. TEM analysis of Sm12Fe78Mo10
showed no grain boundary phase as known for Nd2Fe14B magnets and a large defect concentration
was observed. In addition, stacking faults and twins were detected. In the system Sm(Fe,V)12
studied by Schultz et al. [136, 137], the variation of Sm 10-20 at% demonstrated the maximum
coercivity between 15 and 17 at% (1.18 T). The magnetic phase is formed between 600 and
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900 ◦C in this system. In Sm-rich compounds with the composition Sm26Fe64Ti10 an intrinsic
coercivity of 6.45 T(∼ 5132 kA/m) was achieved. A new phase, which resembles the A2-phase
(Fe17Nd5) in the binary Fe-Nd system, could be responsible for the high coercivity. Further
studies showed that the production of the A2-single phase was difficult and that it was formed
only below 900 ◦C (Schultz in [22]). In the SmxFe91−xTi9 system (15 < x < 30) prepared by
mechanical alloying and rapid quenching, it was demonstrated that the coercivity and remanence
were at their maximum value, whereas the saturation decreases for 30 min of heat treatment
at 810, 840, and 870 ◦C [138] (see Fig. A.3 and Fig. A.4). The A2-phase is considered to be
the main reason for maximal coercivity of samples with x = 22 and x = 26. Only recently the
substitution of Sm by Ce has gained interest due to the abundance and low price of Ce (see
Table A.5). Kim et al. [108] investigated the substitution of Sm by Ce, Pr, Nd, Gd, Tb, Dy in the
compound Sm1−xRExFe11Ti for x = 0.5 (see Fig. 3.7). Despite the fact that Tb shows in-plane
anisotropy for T < 350 K, in case of Sm0.5Tb0.5Fe11Ti an uniaxial anisotropy was present. The
substitution of Sm by any of these REs leads to a decrease of both saturation polarization Js
and first anisotropy constant K1 in comparison with the pure Sm-containing sample. Gabay et
al. [139] studied the substitution of Sm by Ce in the system Ce1−xSmxFe9Co2Ti. They, however,
did not succeed in producing a single phase of the desired compound with the ThMn12 structure.
As Hu [103] pointed out, the surprising result is that due to the negative second-order crystal
field parameter αJ the magnetization axis should lie perpendicular to the c-axis for Nd and Tb
and other RE’s with a negative second Stevens factor. However, the Fe-sublattice anisotropy is
dominant, and in case of Gd, Lu and Y, the magnetization direction is governed by Fe anisotropy
since the electric field gradient at RE-cite (2a) is relatively small. In case of Ce-containing
compounds also uniaxial behavior was observed, despite the negative αJ value as discussed in
the result section and by Zhou et al. [124]. Hu¨tten et al. [11] found in the studies of coercivity
mechanism of SmFe11Ti with the ThMn12 structure that both the pinning and the nucleation
mechanism were present. The nucleation mechanism was the dominant mechanism at lower
temperatures, whereas pinning was the hardening mechanism at higher temperatures. Jinling et
al. [138] analyzed the magnetic hardening of the SmxFe91−xTi9 (x = 15-30) and Sm26Fe74−yTiy
(y = 0-18) compounds produced by mechanical alloying but not the system with ThMn12 crystal
structure. The A2 phase is responsible for the high coercivity of these samples. In the system
Nd(Fe,M)12Nx studied by Yang et al. [140], the initial magnetization curve indicated that no
pinning sites were present, and the nucleation mechanism was the governing mechanism.
3.2.2. Q-parameter and magnetic hardness parameter κ
The application potential of novel phases for permanent magnets is indicated by Q-parameter
and the κ-parameter. The Q-parameter [18]:
Q =
2µ0K1
J2s
(3.6)
distinguishes between hard (Q > 1) and soft (Q < 1) magnetic materials. In real magnets with
local deteriorations of K1 the coercive field is given by Qα = µ0Hc/Js (α: microstructural
Kronmu¨ller parameter). The magnetic hardness parameter is given by κ = (K1µ0M2s )1/2 [16].
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Figure 3.7.: Temperature dependent spin orientation of the REFe11Ti series [103].
For a permanent magnetic material κ > 1 is an empirical rule of thumb for a material resisting
self-demagnetization (e.g. for Nd2Fe14B Q = 4.2 and κ = 1.44).
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4. Experimental: Methods and
Materials
In this chapter, all used devices and experimental methods will be presented and explained. Also
the method of prioritization is presented.
4.1. Selection of systems and prioritization
For searching novel TM-RE-based magnetic materials, the following elements were taken into
consideration. Four transition metals (TM = Fe, Co, Mn, Ni) as base material, seven abundant
rare earth metals (RE = La, Y, Ce, Sm, Pr, Nd and Sc) and 41 low price (except Pd and
Pt), non-toxic and non-radioactive elements were chosen as additives (X). In order to study
relevant systems for new magnetic materials, a prioritization method was developed to reduce
the number of systems from ≈ 500.000 (a detailed calculation is given in App. A.5) to a few
100 systems, the so-called concept of the phase index (PI), which in full detail is explained by
Goll et al. [14]. The basic idea is that a system with numerous intermediate phases in the binary
marginal systems has a higher probability of forming ternary intermediate phases. Potential
ternary (TM-RE-X) compounds for magnetic materials are located in the TM-rich corner of the
ternary phase diagram (see e.g. Fig. 3.1a). Therefore, both binary marginal TM-containing axes
with a high concentration of TM > 70 at% are taken into consideration for the calculation of the
phase index. The RE-X axis is neglected due to its small influence (for details see [14]). In this
thesis, however, the emphasis lies on Ce-containing Fe-based systems since in the literature only
few results exist for these compounds.
4.2. High-throughput synthesis and analysis
One of the first steps in the automatized high-throughput analysis was performed by Anderson
and Moser [141] in 1958. They introduced a computer program that augmented the pace as well as
the reliability of the analysis of the conversion of emission spectrographic film line transmittances
to element concentrations. Kennedy et al. [142] developed the co-sputtering method for the
synthesis of equilibrium isothermal sections of ternary phase diagrams. A rapid method for
analyzing of the composition and structure of the samples, however, was not offered by the
author.
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C Mn P S Cu N Si Al Cr Mo Ni Sn
0.007 0.052 0.003 0.0037 0.009 0.005 0.003 0.004 0.019 0.003 0.015 0.001
Table 4.1.: Impurities of the Armco iron in at%.
In 1970 Hanak [143] introduced the concept of investigation of multicomponent systems in one
step. The concept was employed for binary super conducting samples and was later used for higher
component systems. A radio-frequency co-sputtering method was used for synthesis. Production
of metastable compounds is one of the advantages of this procedure. The synthesis and analysis
technique introduced in Hanak’s work led to a considerable increase in the number of investigated
samples from thirty-fold for binary systems up to several hundred-fold for higher component
systems. In 1995 Xiang et al. [144] introduced the combinatorial approach for new compounds.
Stegk et al. [145] developed an automated high-throughput experimental method for production
and analysis of ceramic bulk samples. A comprehensive overview of high-throughput material
science for bulk materials as well as for thin film methods is given by Green et al. [146]. Multiple
methods for combinatorial approaches were presented by Zhao [147] not only for magnetic but
amongst others for electrical conductivity, elastic modulus, and crystal structure. Experimental
high-throughput methods for discovering new hard magnetic materials were developed recently.
The thin film approach by Takeuchi et al. [12] and the bulk method by Luedke [13], developed at
Aalen University and also used in this thesis, are used for high-throughput synthesis. Takeuchi
uses an ultra-high-vacuum magnetron co-sputtering system. The components are sputtered onto
a Si-wafer with three different guns. Thus various areas of the ternary phase diagram can be
covered. The analysis of structural transformation was done by a scanning SQUID microscope at
room temperature.
4.2.1. Raw Materials
For the reaction crucible synthesis, armco iron rods with 20 mm diameter were used. The
impurities of the armco iron used for reaction crucibles are listed in Table 4.1. The RE-metals
were used as bulk with 99.9 at% purity. The remaining elements were mainly added as powder
with 99.9 at% or higher purity. In case of pyrophorous powders such as Zr or V, wires with
1-2 mm diameter were employed. 41 additives were chosen from non-toxic and non-radio active
solid elements. Gases like H and N were not considered. Due to the high cost, elements like Ir,
Rh, Pt were also not taken into consideration.
4.2.2. Reaction crucible synthesis
The physical extents and shape used for crucibles (see Fig. 4.1) were adapted from previous
works [13, 148] and were further improved. The crucibles were closed by a hydraulic press to
ensure uniformity of the press process. The lid of the crucible was cold welded during the process
and was airtight. The crucibles were cleaned with ethanol in an ultrasonic bath to remove the
impurities occurring during the fabrication process before loading. The filling of the crucible
was carried out in inert gas inside the glove box at ≈ 0.1 ppm O2. RE-elements were loaded
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(a) Reaction crucible. (b) Crucible lid. (c) Closed crucible with melt in-
side.
Figure 4.1.: Crucible, crucible lid and the presentation of the crucible with melt inside.
into the crucible in bulk form and the additional elements were added as fine powder 50-400 µm
or in a few cases as wire or granules. In previous works by Luedtke [13] and Groß [148] best
results were obtained for heating and cooling rates of 100 K/h and 15 h at temperature 1050 ◦C.
This procedure was adopted to ensure that all used RE-metals were melted, since in almost all
diffusion couples the amount of RE adds up to 80 at% of the used elements. The samples were
heated to 1100 ◦C and cooled at a rate of 300 K/h down to 1050 ◦C before annealing for 15 h
and further cooling at a rate of 100 K/h down to room temperature. This program was used to
produce all samples presented in Chap. 5. For this work, a tube furnace by Gero GmbH was
used. In a tube furnace, the controlled part with a constant temperature lies in the center of
the oven. Therefore, the samples were always placed precisely in this area to provide a constant
temperature.
4.2.3. Metallographic Preparation
The metallographic preparation is a necessary step for different microscopy techniques. Since
the RE-metals are prone to oxidation, it is important to perform a water free metallographic
preparation. For all samples, epoxy resin was used to embed the specimens, which were hardened
for 24 h before preparation.
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Figure 4.2.: Axio Imager microscope by Carl Zeiss.
4.3. Correlative microscopy
The primary analysis tool to explore such a large number of samples in a short period and to
determine their magnetic properties is the highly efficient method of correlative microscopy. For
the determination of the microstructure and domain structure of the samples a fully motorized
Carl Zeiss microscope (AxioImager Z2.m) was used (see Fig. 4.2). Optical microscopy was
used to determine the different intermetallic phases. With the help of Kerr-microscopy the
magnetic domain patterns could be visualized. The chemical composition of different phases was
determined by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS). The magneto-optical Kerr effect is denoted as ”MOKE.” A weak dependence of optical
constants and the direction of magnetization m = J/Js permits domain observation by magneto
optics [149]. In addition to the Faraday and Kerr effect, the Voigt effect, which shows a quadratic
dependency on magnetization, also contributes to the magneto optical imaging. The dielectric
permittivity tensor, which for cubic crystals has the following form, represents all effects occurring
during magneto optical imaging
e = 

1 −iQvm3 iQvm2
iQvm3 1 −iQvm1
−iQvm2 iQvm1 1
+

B1m21 B2m1m2 B2m1m3
B2m1m2 B1m22 B2m2m3
B2m1m3 B2m2m3 B1m23
 (4.1)
in which Qv is the Voigt material constant. The magneto-optical rotation of the polarized
light, the Faraday effect in transmission, and the Kerr effect in reflection are described by this
parameter. The B1 and B2 factor describing the Voigt factor are, except in a few cases, different.
mi denotes the unit vector of magnetization along the axis. The constants in this equation are
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Figure 4.3.: Polar and longitudinal magneto-optical Kerr and Faraday effect RN are the reflected
and RK , and RF are the magneto-optical amplitudes [149].
complex and frequency dependent, but they are dominated by their real part. The Kerr effect
occurs in all magnetic materials, the Faraday effect only in transparent materials. Whether the
polar, longitudinal or transverse Kerr effect occurs, depends on the perpendicular or parallel
orientation of magnetization with respect to the surface of the material. In general, all three
components are present, however, since the polar Kerr effect is one order of magnitude larger
than the other two, it is the dominant part and becomes maximal for perpendicular incident
(ϑ0=0). As demonstrated in Fig. 4.3, the regularly reflected light possesses the same polarization
plane as the incident light and is denoted by RN . Due to the Lorentz force vLor = −m×E, a
secondary amplitude, RF or RK for either Faraday or Kerr amplitude occurs and E being the
electric field of the light. The vectorial addition of the reflected part and the Kerr rotated part
results in a polarization rotation dependent on magnetization.
The combination of all three parts results in a total amplitude relative to the incident amplitude
and is given by:
Atot = −Rp cosΨp sinαs +Rs sinΨp cosαs +RpolK cos(αs −Ψp)mpol
+RlonK cos(αs −Ψp)mlon −RtraK cosΨp sinαsmtra
(4.2)
Ψp being the setting of the polarizer relative to the plane of incident light. RiK are the respective
Kerr amplitudes, dependent upon magnetization components mi. With the help of Fresnel’s
formula, the reflection coefficients Rp and Rs can be calculated. Eventually the light passes
through an analyzer. αs is the angle measured from the axis perpendicular to the plane of
incidence. The simplified presentation of the above formula (4.2) is Atot = AN ±AK with AN
being the regular part and AK the effective Kerr amplitude (for domain observation this means
that different orientations of the domain appear darker and brighter). In the following, the Kerr
rotation ϕK = AK/AN is defined. Under the condition of regular phases being equal, AK and
AN are real numbers and the intensity of the dark domain with respect to the incident intensity
is given by
I1 = A
2
N sin2(αs −ϕK) + I0 u (AN sinαs −AK cosαs)2 + I0 (4.3)
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Figure 4.4.: A low resolution, high sensitivity (a) and a high resolution, distortion free Kerr
microscope (b) [149].
with I0 the background intensity. The relative intensity of the other domain is
I2 = A
2
N sin2(αs + ϕK) + I0 u (AN sinαs +AK cosαs)2 + I0 (4.4)
which results in the relative magneto-optical signal, which is a linear function of the Kerr
amplitude AK
smo = I2 − I1 = 2 sin(2αs)AKAN (4.5)
The best visibility is reached by the highest signal to noise ratio. The principles of conventional
Kerr microscopes are demonstrated in Fig. 4.4. With the second setup and by using oil immersion
a resolution of 0.3 µm can be achieved for the polar Kerr-effect and domains with a narrowness
of 0.15 µm can be visualized [150].
4.3.1. Domain contrast and saturation polarization
Buschow et al. proved that Kerr rotation and the saturation polarization Js for Fe-rich and
Co-rich compounds (> 70 at%) show an approximately linear relationship [151, 152]. No
relationship was observed for Ni-based alloys, and the Kerr rotation was proved to be too small
for magneto optical applications. Luedtke [13], Loeﬄer et al. [153], and Goll [14] demonstrated
that Kerr-rotation shows a dependency upon the magnetization and also in domain contrast.
The domain contrast is defined as the brightness difference in the domain pattern. To determine
the contrast, the image was converted into an 8-bit 256-gray-value image. The mean gray-value
can be determined in two ways. The first is the difference between the maxima of the histogram,
the second method is the calculated mean gray value, as shown in Fig. 4.5a. A series of known
magnetic materials was evaluated and used as a calibration standard to estimate the saturation
polarization of unknown Fe- and Co-rich magnetic materials [154]. It could be proven that both
known Co-rich and Fe-rich samples show an approximately linear relationship, with Co-containing
samples showing a higher domain contrast. Therefore, two independent lines are used for both
Fe-(blue line) or Co-containing samples (green line) (Fig. 4.5b). As shown in [155, 122, 154],
the mentioned relation can be used to determine the saturation polarization of new magnetic
materials by means of Kerr microscopy.
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(a) Methods for the measurement of the domain con-
trast K256 for hard magnetic materials based on
quantitative analysis of the gray value distribu-
tion.
(b) Depiction of the approximately linear depen-
dence bet-ween the domain contrast K256 and
the saturation pola-rization for Fe-rich (blue)
and Co-rich (green) hard magnetic phases.
Figure 4.5.: Microscopy standard for estimation of the saturation polarization via domain con-
trast [154].
4.3.2. Domain width and anisotropy constant
The domain width in uniaxial magnetic materials is proportional to the domain wall energy and
thereby to the first anisotropy constant K1. The relationship of closure type domains and the
anisotropy constant was given by Bodenberger and Hubert [156].
Ds =
4βpiγ
M2s
with β = 0.31 ± 0.02. (4.6)
Here γ is the wall energy, β an empirical correction factor, and Ms the saturation magnetization.
For estimation of the domain width of stripe domains, four different models exist [149]. In this
work the following model by Szymczak [157] was chosen to estimate the anisotropy constant,
with µ∗ the rotational permeability, which for uniaxial magnetic materials can be set to ≈ 1,
and L being the grain thickness. The anisotropy constant can be estimated with an typical
uncertainty of ± 0.5 MJ/m3. However, in selected cases larger deviations may occur, e.g when
the analyzed domain patterns show a slight missorientation from the magnetic easy axis or are
not completely optically resolved [14] .
Dm = 0.395(γµ∗/M2s )
1
3L
2
3 . (4.7)
4.4. Arc Melting
To produce larger amounts of the magnetic compounds as homogeneous samples with a defined
composition, the method of arc melting with subsequent annealing at a suitable temperature was
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(a) Arc melting oven with turbo pumps. (b) Water-cooled copper plate.
Figure 4.6.: Arc melting oven.
used. To melt the samples, the arc melting device shown in Fig. 4.6 was used. Using a rotary
vane pump and turbomolecular pump, a vacuum of greater than 10−4 mbar was obtained to
achieve a minimal amount of oxygen in the oven. The oven was filled with argon (600 mbar) after
the desired vacuum has been achieved. During the contact of the tungsten electrode and a piece
of Ti (as shown in Fig. 4.6b), an arc occurs (plasma). The temperatures achieved during arc
melting are around 3000 ◦C. In the following the arc melted samples were annealed several days
for homogenization. The annealing temperature depends mainly on the crystal structure. For
systems with ThMn12 structure 1050 ◦C has been proven to be the suitable annealing temperature
for most used alloys.
4.5. Mechanical Alloying
Mechanical alloying (MA) is employed in cases in which an alloy cannot be produced by
conventional melting or powder metallurgy, or not without significant problems. Another
advantage is the reduction of grinding time in comparison with a conventional ball or pebble
mill [158]. For magnetic materials it is an easy way to produce nanocrystalline magnets with a
suitable microstructure. The mechanism of mechanical alloying was presented by Benjamin in
1970 for Ni-base superalloys [159, 160]. In 1983, Koch et al. [161] demonstrated that amorphous
Ni60Nb40 alloy could be prepared by mechanical alloying. Schultz [162] used MA for the
fabrication of Nd2Fe14B nanocrystalline magnets [163]. For the MA process, elementary Fe,
Nd (swarf), B powder were used. A planetary mill by Fritsch (Pulverisette 5) with 100 steel
balls of 10 mm diameter was used. A milling time up to 30 h was used to produce the alloy.
Subsequent annealing of 1 h at 600 ◦C led to the formation of the desired Nd2Fe14B phase with
high coercivity. Further work for mechanically alloyed Nd2Fe14B was done by Wecker et al. [164]
in 1994. A detailed overview of MA is given in [165, 166, 167, 158] and the following explanations
are taken from these sources. Three different mills are typically used to perform MA. Szegvari
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attritor and SPEX-vibratory mill are commonly used mills [158]. In attritor mills the vessel is
stationary, containing a shaft that is powered by a high-speed geared motor. The arms shift the
balls up in the shaft, which then fall back. In this manner, the balls and powder have different
movements, which causes a higher grade of surface contact. Modern attritor mills range from
laboratory scale to larger vessels with 2 m diameters.
Ball-Powder-Ball collision: In general, roughly 3-4 wt% of the powder tie up as ball coating.
As in the case of steel, this ball coating is advantageous since it prevents the balls from wearing
out. In the optimal case, ball coating stays marginal during processing. The layer is then
exchanged with the powder charge. This mechanism is necessary to prevent a thick layer of
unprocessed material that spalls off and could cause inhomogeneous powder. In the intermediate
stage of the process, particles are convoluted in lamellae form. A light rise of temperature, lattice
defects, and short diffusion distances ease the dissolution of solute elements and fabrication of
areas of solid solution in the powder particle matrix [168]. This heat is produced by absorbing
the kinetic energy of the balls by the powder. Furthermore, the diffusion distances of the
ingredients are decreased down to the µm range. The alloying mechanism is a combination of
direct mechanical effect and defect-enhanced diffusion during the process. The combination
of flattening and cold welding with subsequent fracturing and further re-welding leads to the
production of a homogeneous alloy in the following five steps:
• The ductile powder particles are deformed, and brittle particles break up.
• During cold-welding, plate-like structures are formed which leads to increase of particle
size.
• Fin like structures are built with an equiaxial structure that during the process become
finer and the fine-thickness decreases. As a consequence, particle size also decreases.
• In the step of statistical distributed breaking and cold-welding processes, the equiaxial
orientation vanishes. The maximally strengthened powder particles break and cold-weld on
positions with maximal tension.
• In the last step described as stationary sector an equilibrium between the welding and
breaking processes exists. The particle size stays relatively constant during the alloying
time.
Lee et al. [169] studied the different stages of cold-welding and breaking during the mechanical
alloying process. It was demonstrated that in case of Ni-Ta alloy with different compositions the
last step of equilibrium between cold-welding and breaking was attained after 15-20 h.
The following combination of materials occurs in mechanical alloying
• ductile-ductile
• ductile-brittle
• brittle-brittle
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Ductile-ductile systems: For two ductile components, an equilibrium between plastic deforma-
tion, cold welding and fracturing lead to the final microstructure. Local heating, lattice defects,
shortened diffusion distances are the main factors which ease the solute dissolution during MA.
Ductile-Brittle systems: A homogeneous dispersion of the brittle phase in the ductile matrix
usually is the typical outcome during MA. The dispersoid in the components is enmeshed along
the cold-welded interface. The concentration of the dispersoid along the welded edge moderately
declines with the increasing number of welds, which get randomized.
Brittle-brittle systems: In brittle-brittle systems, a granular-type morphology occurs during
MA. Almost no change occurs for lattice parameters of the constituents during the early stage of
the process. In the course of the second step, a shift arises, and the lattice parameters merge,
which is a sign of a complete alloy formation. Following the results of the lattice parameter,
simultaneously the observed granular-type morphology vanishes, and relatively equiaxed par-
ticles with a homogeneous microstructure in the primary constituent appear. In contrast to
ductile-ductile systems, in this case, a high temperature development is observed.
Numerous parameters are critical for achieving a successfully prepared alloy [158]. Among others
and in the case of this thesis, the primary parameters and materials used are the following (see
Fig. 4.7):
• Type of mill: planetary ball mill by Fritsch Ltd. Co (Pulverisette 7)
• Milling container: WC
• Milling speed: 500-1000 rpm
• Milling time: > 4 h
• Grinding medium: WC
• Ball-to-powder weight ratio of ∼ 10:1
• Extent of filling the vial
• Milling atmosphere: glove box atmosphere (≤1 ppm O2)
Impact energy: Besides the type of the mill, density and size of the balls play a crucial role
regarding impact energy. Furthermore, the ball size influences size, morphology, recrystallization
temperature, and enthalpy of the powder. Using balls with different diameter improves the
welding/fracturing process step.
Ball to powder ratio (BPR): The mean free path of the motion is decreased by an increasing
BPR. On the other hand, with a rise of BPR the impact frequency and total energy consumption
per second decreases. In general, for production of amorphous alloys, the increment of BPR also
increases the amorphization, which, however, also leads to an undesired contamination. For the
production of amorphous magnetic materials, various BPRs are used in the literature.
Speed: The energy impact is mainly influenced by the rotational speed of the mill. Insufficient
speed leads to long alloying time, which also could result in the formation of an inhomogeneous
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(a) Fritsch Pulverisette 7 Premium line [170]. (b) Extracted powder after mechanical alloying.
Figure 4.7.: Planetary ball mill by Fritsch and the WC vessel, balls, and scrapped powder after
alloying.
alloy. A combination of higher than optimum rotational speed and a reduced time could raise
the efficiency of alloying provided the time available is sufficient for diffusion of the solute.
Temperature: The ambient temperature for the amorphization process plays a role for alloys
with a negative heat of mixing ∆Hmix < 0 and starts to play a role for systems with ∆Hmix > 0
after a period of alloying (e.g., 30 h for Cu-Ta).
Milling atmosphere: In general MA is performed under inert gas atmosphere. Since the
RE-metals used are prone to oxidation, MA is always performed under an argon atmosphere
(O2 ≤ 1 ppm). As Koch et al. [161] demonstrate in case of Ni60Nb40 the amount of oxygen has a
significant influence on crystallization due to the different paths taken during the process. In
case of RE-containing samples, oxygen inhibits the process of mechanical alloying.
To prevent contamination through ball wear, balls from similar alloys are used. The so-called
”processing control agent” (PCA) is applied to hinder the clean metal-to-metal contact, which is
crucial for cold welding. A further method is to modify the deformation mode of the powder
particles by altering the powder particles exposed metallic surfaces, which is achieved by cryogenic
milling. The amount of contamination due to material from vessel and grinding balls, as well as
the used PCA, may influence the formation of the end product [158]. For the experiments in
this thesis, no PCA was used to perform the milling. The studies by Bocharova [171] showed
how a slight increase of the milling speed (50 rpm) can produce homogeneous alloys, in contrast
to non-homogeneous alloy, in which the lamellae were still present. An increase of the milling
time will not lead to homogeneous alloys if the rotational speed is too low. Pelegrini et al. [172]
studied the influence of milling time in mechanically alloyed Fe-Si-P systems. The effect of milling
time on particle size µm and apparent density g/cm3 of samples changes quickly below 1 h, but
after 1.5 h the effect on both particle size and density remained almost constant. Logarithmic
progression of refinement parameter dependent on time indicates that the starting powder size is
not significant [165]. The mechanically alloyed powder was scraped with a metal scraper and
smashed in an agate mortar for further processing. Subsequently, the powder was mixed with
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epoxy resin in a plastic pipe with a diameter of 8 mm in the glove box, to protect the powder
from oxidation. The samples were hardened for 24 h outside the glove box.
4.6. Permagraph
The measurements of the coercivity were done with a permagraph (Permagraph C (see Fig. 4.8a),
Magnet-Physik Dr. Steingroever GmbH, Germany [173, 174]). The following magnetic properties
can be determined with the used permagraph:
• Polarization: J in Tesla or Gauss
• Flux density (induction): B = J + µ0H in Tesla or Gauss
• Remanence: Br = Jr in Tesla or Gauss
• Coercive field strengths: HcB and HcJ in kA/m, kOe or T
• Maximum energy product: (BH)max in kJ/m3 or MGOe
Magnetic properties are often measured with the help of magnetic flux Φ, which represents the
total number of magnetic field lines and is given by
Φ =
∫ A
0
BdA (4.8)
with A the cross-section area of the sample and B the magnetic flux density. The magnetic flux
is calculated with the help of electric voltage and is given by
u(t) = −N dΦ
dt
(4.9)
with N being the number of the windings of the coil since there is a linear relationship between
voltage and change of the magnetic flux. The integration of the above equation yields the
following
Φ =
1
N
∫ t2
t1
u(t)dt+Φ0 (4.10)
The magnetic field in flux-meter with an air gap is given by
H =
Φ
µ0 ∗N ∗A (4.11)
and in the presence of the sample the magnetic flux density is given by
B =
Φ
N ∗A (4.12)
In a permanent magnet, the flux can be measured with the help of a surrounding coil. The
flux should change from 0 to Φ or from −Φ to Φ. Therefore, the magnet in the first case is
magnetized or demagnetized and in the second scenario demagnetized or the flux in the enclosing
coil has to be subtracted from the flux in the specimen. The J-compensated coils are used to
measure all permanent magnetic materials. The sample is placed in a coil that has the following
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shape (see Fig. 4.8b). The opening in the coil is enclosed by an area of winding with N1A1. The
magnetic flux captured by the windings is
Φm = BMN1AM (4.13)
Bm and AM are the flux density and the area of the sample respectively. If the sample does not
fill the space between the sample and the coil, the flux between the sample and the coil is given
by
ΦA1 = µ0HN1(A1 −Am) (4.14)
where H is the magnetic field in the air. The second coil surrounds the first coil but does not
enclose the sample and measures only the flux through the air gap.
ΦA1 = µ0HN2A2 (4.15)
It is crucial that both areas of the windings are equal N1A1 = N2A2. The windings are operated
against each other and are connected to a flux meter integrator. The measured flux is given by
the following equation if the inner area is filled only partially with a sample.
Φ = ΦM −ΦA1 −ΦA2 = (BM − µ0H)N1AM = JN1AM (4.16)
For the calculation of the flux, only the windings N1 and the cross section area have to be
known. The latter must be known as accurately as possible. Without a sample, no signal can be
detected. The main component is an electromagnet. Additionally, two flux meters, a temperature
control, and a power supply for the electromagnet are included. The electromagnet is used for
magnetization and demagnetization of the sample through the hysteresis loop. Since only the
second quadrant of the hysteresis loop is important, the measurement is stopped after Hcj is
reached. The magnetic excitation is usually generated by an electromagnet. Since using the
Permagraph C only fields up to 2500 kA/m can be generated, the specimens are magnetized by
an impulse magnetizer (K-series) by Magnet-Physik (fields up to 5570 kA/m). For measurement
of the magnetic properties, it is crucial that the area inside the coil is as well filled with the
sample as possible. Since an air gap can lead to deviations, the specimen should be planar on
both sides. For measuring the coercivity of magnetic materials in powder form, a non-magnetic
ring is used, which is sealed with a thin adhesive tape. The ring is placed on a pole coil (as shown
in a J-compensated surrounding coil Fig. 4.8b. In the case of studied materials, the powder was
mixed with epoxy resin in a cylindrical tube and hardened for 24 h. Unlike the coercivity, the
polarization is dependent on the density of packing.
4.7. Magnetometry
The vibrating sample magnetometer (VSM) introduced by Foner [175] is principally built as
follows [176]. A vibrating device is connected to the spherical or disc form specimen (in today’s
VSMs a piezoelectric element). An external electromagnet magnetizes the sample. A super
conductor coil is used to produce high magnetic fields. This magnetized sample acts as a
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(a) Permagraph C by Magnet-Physik. (b) J-compensated coils.
Figure 4.8.: Permagraph C by Magnet Physik GmbH [173].
vibrating dipole that induces a voltage proportional to the magnetic moment in the pickup
coils. A reference magnet or other vibration sensors are used in a lock-in amplifier since the
induced signal is very limited. To study the properties of the sample, the magnetic field of the
electromagnet is changed. In case of parallel orientation of the magnetic moment along the axis
of the coils, the electromagnetic force induced in the pickup coils is dependent on the magnetic
moment m and the frequency of vibration
e(x, t) = mS(x)dx
dt
(4.17)
with S(x) being the sensitivity factor depending on the sample geometry, coil arrangement, and
electromagnet geometry. The structure of the pickup coils has an influence on the sensitivity
factor S(x). In general pairs of inverse Helmholtz coils are used as pickup coils. A present-day
VSM is demonstrated in Fig. 4.9 In case of sinusoidal vibration x(t) = X0 sin(ωt), the resulting
voltage is
e(x, t) = mS(x)ωX0 cos(ωt) (4.18)
A piezoelectric transducer is utilized as the vibrating source. A glass rod was used for holding the
sample. The sample is usually short so that it can fit between poles of the electromagnet [177].
The mechanical resonance of the rod holding the sample is evaluated. The capacity of the sensor
was utilized as the reference vibration sensor, and a Hall probe was used for the supervision
of the magnetizing conditions. The resolution limit of the VSM (Quantum Design PPMS-9T)
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Figure 4.9.: PPMS by attocube [178].
is approximately 10−8 − 10−9 Am2. Higher resolutions of about 10−11 Am2 can be achieved
by the so-called alternating gradient magnetometer (AGM) which allows the measurement of
samples of about 5 µm in magnitude. Since SQUID magnetometry was used to measure only one
sample, this type of magnetometer is not discussed in this chapter. For a detailed description see
e.g. [179].
4.8. Scanning Electron Microscopy (SEM)
A scanning electron microscope (SEM) generally consists of an electron column and a control
console as principal components [180] (see Fig. 4.10). The first stage of the electron column is
an electron gun (typically a tungsten hairpin electron gun). The generated electrons are in the
energy range of 0.1-30 keV. To focus the electron beam to up to 10 nm, electron lenses are used.
The focused beam interacts with the sample to a depth of approximately 1 µm, dependent upon
the voltage and element, and produces the signal used for forming the image. The deflection
system used in the final part of the microscope column consists of two pairs of electromagnetic
deflection coils (scan coils) and a final pole piece. The two scan coils bend the beam away and
back from the optical axis. To achieve a higher magnification, the excitations of the scan coils
are decreased, with the consequence that a smaller area is scanned. A rectangular ”raster” is
generated by the deflection system which points the beam to discrete points alongside parallel
lines. The two most utilized signals for production of SEM images are secondary (SE) and
backscattered electrons (BSE). For this work the back scattered method associated with energy
dispersive X-ray spectroscopy (EDS) was used to perform correlative microscopy and determine
the chemical composition.
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Figure 4.10.: The scanning electron microscope (SEM), Leo Gemini 1525 with Energy Dispersive
X-ray spectroscopy (EDS) of OXFORD Instruments.
4.8.1. Electron beam-specimen interaction
Bremsstrahlung originates from the interaction of the beam electron with the Coulomb field of
the specimen atoms. A photon with the energy of ∆E = hν is emitted due to the energy loss
caused by a deceleration in the Coulomb field. The X-ray spectrum is continuous, since the
bremsstrahlung can have any energy value in the range of 0 up to the energy of the incident
electron. The intensity of the continuum is dependent on beam current, atomic number Z of the
sample and the beam energy. The interaction of the electron beam with bounded electrons in
the inner shell of the atoms of the sample leads to the emission of an electron from this shell.
The atom is now in an excited state. This relaxation to the ground state can proceed either via
emission of an Auger electron or via emission of X-ray photons whose energies correspond to
the differences between energy levels for which a transition is permitted by quantum mechanics.
Since the differences between atomic energy levels are unique for each element, this is called the
characteristic X-ray radiation [180]. Two basic solid state detectors, the lithium-drifted silicon
(Si(Li)) and the high purity Ge (HPGe) EDs, are used nowadays as Energy dispersive X-ray
spectrometer. An intrinsic semiconductor possesses neither excess electrons for charge transport
nor any holes in the valence band. Detector crystals utilized in practice are designed to behave
like intrinsic silicon. The n-type dopant Li is applied to the surface of silicon (p-type) which
leads to the formation of a p-n junction. The EDS-detector works as follows. Photoelectrons
are ejected by absorption of X-ray photons. The main part of the energy of the photon is given
up to form electron-hole pairs, which is swept away by the applied bias. This forms a charge
pulse that with the help of a charge-to-voltage-converter is converted into a voltage pulse. This
signal undergoes multiple steps to be displayed as a histogram. Each voltage pulse represents the
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energy of an X-ray photon. The detector is built up of intrinsic silicon, covered with a thin layer
of a p-type semiconductor as the active part. Electrons are pushed into the conduction band
through capture of an energetic photon, which then leaves holes in the valence band. Capturing
of an X-ray photon is a photoelectric absorption process, in which photon is annihilated. The
silicon atom absorbs the X-ray photon by ejecting an inner electron with the energy hγ −Ec
(with Ec = 1.84 keV for Si). The photoelectron moves in the silicon of the detector and scatters
inelastically after producing electron-hole pairs. The excited silicon atom relaxes to the ground
state by replacing the hole with an electron from the outer shell and the following energy release
by an Auger electron or a silicon X-ray. The theoretical number of charges n produced per
photon with the energy E(eV ) in the detector is given by
n =
E

(4.19)
(with = 3.86 eV for Si). The operating temperature of the detector is near the temperature
of liquid nitrogen to assure a minimal signal to noise ratio. The measured charge is converted
to voltage in multiple steps of pulse-shaping of the signal. The pulses are then converted into
a digital signal by an ACD (analog to digital converter) and analyzed by a computer (or a
standalone multichannel analyzer). For this thesis, a SEM LEO Gemini 1525 and the EDS of
the type OXFORD with the software INCA was used.
4.9. X-ray diffraction
Unit cells are the smallest constituents in a crystal that contain all necessary information about
sort, number, and positions of all atoms. The Miller indices (hkl) represent the reciprocal fraction
value of the cutting points of a plane with the unit cell edges a, b, c [181]. The Miller indices
represent a whole set of parallel lattice planes. The interplanar spacing between the crystal
planes is given by dhkl and the wavelength of the radiation is λ. If the Bragg equation
nλ = 2dhkl sin θ (4.20)
is satisfied, the incident beam is diffracted [182]. The study of the crystal structure is performed by
X-ray diffraction. A powder sample consists of many crystallites, which are small single crystals.
In a regular polycrystalline sample, the orientation of crystallites is statistically distributed. In
the Bragg-Brentano measurement, all crystallites with a surface normal perpendicular to the
sample surface take part in the diffraction process. The process of the diffraction is as follows.
A divergent monochromatic X-ray beam with an angle of θ is directed at the polycrystalline
sample. The beam at the mid point is reflected by the surface at the same angle θ, which
leads to a measurable intensity maximum. During the measurement, the incident angle θ is
variated. The registered signal of the detector results in the diffractogram. If the crystallite
size is less than 40 µ m, all lattice planes with an Bragg angle 2θ will interact with the incident
beam and be identifiable in the X-ray diffractogram. The intensity of the resulting reflexes is
proportional to the relative quantity of the crystallites. For the experiment, the diffractometer
Seifert Sun XRD 3003 is used (see Fig. 4.11). The detector covers an angle area of about 48◦.
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Figure 4.11.: Diffractometer Seifert Sun XRD 3003.
For the measurements, an X-ray tube with Co as the anode material was used (λ= 1.78896 A˚).
The PDF-Data (Particle data File), the data base PDF-2 of ICDD (International Center for
Diffraction Data) and the program RayfleX ANALYZE was used for analyzing the data. The
samples were either epoxy resin bonded magnets or pressed powder to minimize the effect of
oxidation of the RE-metals in the atmosphere for mechanically alloyed powder.
4.10. Determination of microstructure parameters
The microstructure parameters α = αKαex can be determined from the slope of temperature
dependence of the coercivity (see Sec. 2.7). µ0HminN is the so called minimum nucleation field,
with µ0HminN = µ0Htheoc,max = µ02K1/Js [34]. From the intercept, the demagnetization factor Neff
can be determined.
µ0Hc(T)
Js(T)
=
µ0HminN (T)
Js(T)
αKαex −Neff (4.21)
The temperature dependence of the intrinsic magnetic properties Js(T) and K1(T) of the samples
can be obtained from the temperature dependence of properties in single crystals, as-cast material
or powder material of pure phase.
4.11. Kink point approach
The Curie temperature TC can be determined via the Kink point measurement. The temperature
dependent polarization of the sample in the presence of a small applied field is measured. The
magnetic domains are ordered in such a way that below TC the external field is entirely shielded
by the demagnetization field µ0Hs = −NJ ≤ NJs, with N being the demagnetization factor. As
shown in Fig. 4.12, a steep decrease of the polarization is observed before TC is reached, which is
denoted as the Kink point. For a magnetized sample approximate course of the temperature
dependent remanence is measured. For a non-magnetized sample, the polarization stays relatively
54
4.11. Kink point approach
constant, dependent upon the mobility of the domain walls, and then increases with rising
temperature. The anisotropy constants decrease at the same time, and as a result, the component
of the polarization in the direction of the field is augmented due to rotation of the spins [52].
Figure 4.12.: Illustration of Kink point measurement of TC , with m being the magnetic mo-
ment [183].
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5. Screening: Reaction Crucible
Analysis
5.1. Introduction
In this chapter, the results of screening ternary and quaternary systems using reaction crucible
synthesis (RCS) and analysis (RCA) are presented. The content of this chapter is divided
according to crystal structures. The intrinsic magnetic properties of the novel compounds are
evaluated by optical microscopy. The domain contrast correlates with saturation polarization Js
and the domain width correlates with anisotropy constant K1. For this work, 250 reaction crucible
and reaction sintering samples were produced and studied. However, only a few interesting
exemplary samples with hard magnetic phases, which are relevant for further studies, are
presented in the first part of the chapter. At the end of the chapter, two exemplary reaction
crucible samples without hard magnetic compounds are presented. The results are laid out
in a correlative manner with light microscopy, Kerr microscopy, and SEM-images. The given
material compositions given in this chapter are exemplary representatives for the compound.
There has been a lot of interest in Ce-based magnetic materials in particular in recent years
due to promising intrinsic properties and above all the abundance of Ce compared to other
RE-elements. La-based systems were also studied for this work. However, they do not form the
ThMn12 structure, but form compounds with the ferromagnetic NaZn13 structure [5, 184] (e.g.
with Si, La(Fe,Si)13 related compounds) and the Zn17Th2 structure, La2TMFe6Co10 with Mo
and Ti [185, 186]. These compounds are mainly Co-based and not Fe-based alloys. No Co-rich
hard magnetic compound based on La-Co could be formed with the present experiments. The
amount of Co present in the samples was not sufficient to form Co-rich compounds. Since the
scope of the thesis is the Fe-rich RE-magnets and Co was added only as an additive and the
highest detected amount of Co was 2.5 at% Co in the reaction crucible (RC).
5.2. Systems with the Nd2Fe14B crystal structure
The aim of this series of experiments was to substitute Nd with the lower priced and more abundant
RE-metals such as Ce, La, Y and study the magnetic properties of obtained combinations. The
ratio of materials in the crucible was always as follows: 40:40:20 at% for REa:REb:B. Because B
cannot be detected using energy dispersive X-Ray microscopy, a reference table with the relative
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(a) MOKE image (A). (b) SEM image (A).
(c) MOKE image (B). (d) SEM image (B).
Figure 5.1.: MOKE and SEM images of the Fe-Ce-Nd-B (A) and the Fe-Ce-La-B (B) RC. The
closure type domains of these compounds with the Nd2Fe14B structure demonstrate
a high contrast.
composition of the elements without boron was used to identify each intermetallic phase (see
App. A.2 Table A.4). The estimation of intrinsic magnetic properties of the hard magnetic
compounds was performed by means of domain pattern analysis.
5.2.1. The Fe-Ce-Nd-B system
In the Fe-Ce-Nd-B diffusion couple, the RE2Fe14B intermetallic phase with a composition of
Fe87.6Nd8.4Ce4.0 was detected, with a constant ratio of Ce:Nd of ∼ 1:2. Using domain pattern
analysis, a saturation polarization of Js = 1.46 T and an anisotropy constant of K1 = 2.5 MJ/m3
were obtained for this detected ratio. In addition to the hard magnetic phase, the nonmagnetic
Friauf-Laves phase (Ce,Nd)Fe2 with MgCu2 crystal structure was observed in this diffusion
couple as shown in Fig. A.7. The ratio of Ce:Nd in this compound was ∼ 26:7 (see Fig. 5.1).
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5.2.2. The Fe-Ce-La-B system
Both the Ce2Fe14B and the La2Fe14B compound show easy-axis magnetization behavior. However,
the latter is unstable [187]. The intrinsic properties of the hard magnetic compound with the
ratio of Ce:La being 2:1, were estimated by domain pattern analysis, which yielded values of
Js = 1.17 T for the saturation polarization and K1 = 1.0 MJ/m3 for the anisotropy constant.
Furthermore the binary (Ce,La)Fe2 compound with the MgCu2 structure and a composition of
Fe68.6Ce30.8La0.6 was found (see Fig. 5.1).
5.2.3. The Fe-Nd-Y-B system
For the hard magnetic phase with the 2:14:1 structure in the Fe-Nd-Y-B RC, a constant ratio of
∼ 1:5.5 for Nd:Y (Y10.6Nd2.0Fe87.4) was detected in most of the grains. Domain pattern analysis
yielded a saturation polarization of Js = 1.32 T and an anisotropy constant of K1 = 1.45 MJ/m3
for this ratio. One region with a Nd:Y ratio of 8:1 and the composition Y11.7Nd1.7Fe86.6 was also
detected, but due to the misalignment of the grains (in which the closure type domains were
not perpendicular to the surface), it was not possible to estimate the intrinsic properties. Two
additional compounds of compositions Y27.4Nd6.8Fe65.8 and Y22.2Nd3.8Fe74.0 were found in the
sample (see Fig. 5.3). Here, only the first one shows domain patterns in polar Kerr contrast.
The first composition suggests a Laves phase structure whereas the latter may indicate a PuNi3
structure since both YFe2 (C15) and YFe3 exist.
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(a) MOKE image of Sm2Fe14B compound within the Fe-
Sm90-B10 RC [13].
(b) MOKE image of (Nd,Sm)2Fe14B.
Figure 5.2.: Lancet like domain patterns in both Sm2Fe14B vs (Sm1−xNdx)2Fe14B. In both cases,
due to the negative K1-value, easy-plane behavior is present.
5.2.4. The Fe-Nd-Sm-B system
It is known that the ternary Sm2Fe14B compound [22] does not show a uniaxial behavior (see
Sec. 2.9). In the quasi-ternary RC, the compound with the Nd2Fe14B structure containing both
REs was formed. The partial substitution of Nd by Sm led to the formation of easy-plane
magnetization 2:14:1 with lancet like domain pattern in this RC. The detected (Sm,Nd)2Fe14B
grains in the sample usually showed two distinct domain patterns that are similar to those
observed in pure Sm2Fe14B. A constant ratio of 1:1.35 (error margin: 1:1.14 - 1:1.58) for Nd:Sm
was detected in this diffusion couple (see Fig. 5.2).
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure 5.3.: Correlative microscopy images of the Fe-Y-Nd-B RC. Closure type domains of the
hard magnetic compound with Nd2Fe14B structure (A) show a high domain contrast.
The compound of composition Y27.4Nd6.8Fe65.8 shows distinct non cubic domain
patterns of weaker contrast.
61
Screening: Reaction Crucible Analysis
5.3. Systems with the ThMn12 and Nd3(Fe,Ti)29 crystal structure
In this section, RCs containing the hard magnetic phase with the ThMn12 structure are presented.
The compounds with the Nd3(Fe,Ti)29 structure are in most cases present as a by-product to
the ThMn12 phase as described in Sec. 3.2. Some of the new hard magnetic materials found
during the course of this thesis and the effects of additives on intrinsic properties are discussed
in the following. The focus of this chapter mainly lies on Fe-RE-W systems. Furthermore, some
interesting Fe-RE-Ti/Mo-X compounds are also presented in the following chapters. For the
sake of convenience in this and in the following chapters the phase with ThMn12 structure is
abbreviated by 1:12 and the phase with the Nd3(Fe,Ti)29 structure will be abbreviated with 3:29.
5.3.1. Fe-Ce-Ti(-X)
This ternary system was studied despite the fact, that the magnetic compounds are well-known
and studied by various groups e.g. in [105, 22]. The compound with ThMn12 structure was
used as a reference for domain pattern analysis. The produced Fe-Ce-Ti reaction crucible
sample showed a minor contamination by Si. As a result, both Si-free and Si-containing variants
of phases were observed. Two magnetic phases with the ThMn12 crystal structure, uniaxial
domain structure, and composition Ce8.3Fe84.7Ti7.0/ Ce8.3Fe83.0Ti7.5Si1.2 and the phase with the
Nd3(Fe,Ti)29 crystal structure and a composition Ce10.4Fe85.4Ti4.2 were observed (see Fig. A.10).
The C14 Fe2Ti Friauf-Laves phase of compositions Fe69.6Ti30.4 and Fe70.6Ti28.5Si0.9 were also
observed in this RC. The two ternary magnetic phases covered a large area in this diffusion couple.
The intermetallic Fe2Ti compound predominately occurred in most cases in oval or circular grains
with a diameter of approximately 10-20 µm. Pure Ti was also present in the crucible. In some
cases, the Fe2Ti compound did not show domain pattern, e.g. when the grains were very small
and/or the Ti-content is > 32 at%. In addition, due to the weak domain contrast of the Fe2Ti
phase and image acquisition settings, e.g. lower objective magnification and numerical aperture,
the domain patterns may not always be clearly visible.
Fe-Ce-Ti-Co
In the diffusion couple Fe-Ce-Ti-Co, the hard magnetic phase with the ThMn12 crystal struc-
ture and composition of Ce8.2Fe80.9Co2.4Ti8.5 and the magnetic phase with the Nd3(Fe,Ti)29
crystal structure and a composition of Ce10.6Fe82.7Co2.2Ti4.5 were detected (see Fig. A.10). The
intermetallic Laves-compound (Fe,Co)2Ti with a composition of Fe64.4Co2.0Ti28.5 contains up
to 2.7 at% Co. In addition, the Co-free Laves phase Fe2Ti is also observed. In Fig. 5.4, both
Laves-phases show only weakly pronounced domain patterns which is due to the compounds
weak domain contrast and the objective lens used for image acquisition. Since the focus of this
work is the search for magnetic materials, containing RE-elements, this phase was not further
investigated. For the hard magnetic phase with ThMn12 crystal structure the intrinsic parameters
with a Js-value of 1.25 T and a K1 value 2.0 MJ/m3 were estimated. Since this intermetallic
compound represents an interesting alloy from an economical and scientific point of view, this
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(a) MOKE image of the compound with the ThMn12
structure and high domain contrast. Small circu-
lar grains correspond to the Fe2Ti Friauf-Laves
phase.
(b) MOKE image of the magnetic compound with
Nd3(Fe,Ti)29 structure.
(c) MOKE image of the compound with the ThMn12 struc-
ture and high domain contrast. Grains of composition
Fe64.5Co2.0Ti28.5 correspond to the (Fe,Co)2Ti Friauf-
Laves phase and show only weakly pronounced domain
patterns.
Figure 5.4.: Both RE-containing magnetic compounds with ThMn12 and Nd3(Fe,Ti)29 structure
and the magnetic Laves phase in the Fe-Ce-Ti-Co RC.
alloy was made a focus point of further investigations [154]. The domain contrast and -width
of the magnetic phase with the Nd3(Fe,Ti)29 structure are lower than those of the ThMn12
compound, with estimated intrinsic values of Js= 0.5 T and K1 = 0.4 MJ/m3 (see Fig. 5.4).
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5.3.2. Fe-RE-W(-X)
W-containing alloys are amongst the less studied compounds with the ThMn12 crystal structure.
In this section, the addition of numerous additives and phase formation with various REa-REb
combinations were investigated. The new Ce(Fe,W)12 hard magnetic phase with the ThMn12
structure and exemplary composition of Ce8.3Fe83.2W8.5 was detected. The magnetic phase with
Nd3(Fe,Ti)29 crystal structures and the composition of Ce10.6Fe84.8W4.6 and the binary Laves
phase Fe2W with a composition of Fe64W36 were also found (see Fig. 5.5). In addition the
Fe2Ce with MgCu2 structure and a composition of Fe65.2Ce34.8 and Fe17Ce2 compounds with
Zn17Th2 structure and a composition of Fe87.1W1.4Ce11.5 were detected by EDS (see Fig. A.18).
Employing domain pattern analysis, a Js value of 1.0 T and a K1 value of ' 2.0 MJ/m3 were
obtained for the ThMn12 compound.
Fe-Ce-Ti-W
Both ternary systems of Ti and W form the compound with ThMn12 crystal structure as the
main hard magnetic phase. In this RC, the hard magnetic compound containing both refractory
metals was observed. The estimated value of saturation polarization of Js = 1.0 T and the
first anisotropy constant of K1 = 2.5 MJ/m3 for the composition of Ce8.3Fe83.9Ti4.5W3.3 were
obtained. Another composition of Ce8.3Fe82.2Ti2.6W6.3 for the compound with the ThMn12
structure was measured. The C14 Friauf-Laves phase Fe2(W,Ti) with MgZn2 crystal structure
with a composition of Fe67.7Ti14.9W17.4 was detected (see Fig. A.11).
Fe-Ce-W-Co
In the quaternary Fe-Ce-W-Co system, the new hard magnetic phase Ce(Fe,W,Co)12 with a
composition of Ce8.3Fe81.6Co2.0W8.1 and ThMn12 crystal structure was detected. The magnetic
phase with Nd3(Fe,Ti)29 crystal structures and the composition of Ce10.1Fe84.0Co2.8W3.1 was
measured by EDS. The intrinsic magnetic properties were obtained using domain pattern analysis.
A saturation polarization of Js = 0.7 T for the ThMn12 compound was obtained. The first
anisotropy constant could not be determined due to misaligned grains. A compound with
the Th2Zn17 structure and a composition of Ce11.2Fe85.1Co2.3W1.4, the compound with MgCu2
structure and the composition Fe60.8Co4.3Ce34.9, and a compound with the composition of
Ce73.6Co26.5, which is not present in the binary phase diagram of Co-Ce, were detected. The
binary Friauf-Laves phase with MgZn2 structure and the composition Fe69.1Co1.7W29.2 and
Fe76.7W23.3 was also found in this RC (see Fig. A.12).
Fe-Ce-Pr-W
The possibility of the partial substitution of Ce by Pr and any improvement of the intrinsic
magnetic properties of the CeFe11W compound was studied via the mischmetal systems. In
this diffusion couple, magnetic compounds with both ThMn12 and the Nd3(Fe,Ti)29 structure
were detected. However, due to the low contrast, the intrinsic magnetic properties could
not be estimated. No closure type domains were observed in the whole sample. Only stripe
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domains were visible for the two compounds with the compositions of Ce5.5Pr5.2Fe78.9W10.4 and
Ce4.6Pr4.2Fe88.0W3.3. In both cases, the ratio of Pr:Ce is ∼ 1:1. The binary Friauf-Laves phase
Fe2W with the composition of Fe66.9W33.1/Fe73.2W26.8 was also found (see Fig. A.13).
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure 5.5.: Correlative microscopy images of the Fe-Ce-W RC. Both magnetic compounds with
the ThMn12 structure (hard magnetic) and the Nd3(Fe,Ti)29 structure cover a major
part of the sample.
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Fe-Ce-La-W
Figure 5.6.: MOKE image of the Fe-La-Ce-W RC. Stripe domains of a magnetic compound with
probably the ThMn12 with a weak domain contrast are seen in the center.
In the reaction crucible Fe-Ce-La-W, quasi-ternary compounds with both ThMn12 structure
and a composition of Ce8.1La1.1Fe83.8W7.0 and the Nd3(Fe,Ti)29 structure with a composition of
Ce9.1La0.6Fe87.5W2.8 were found, but in comparison with the La-free sample the domain contrast
was considerably lower, so that both the saturation polarization and the anisotropy constant
could not be determined for the few grains which showed domain patterns (see Fig. 5.6). In
addition, the binary Laves-phase Fe2Ce of composition Fe66.6Ce33.4 and Laves phase Fe2W of
compositions Fe73W27/Fe67W33 were also found in this specimen (see Fig. A.14).
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Fe-Ce-Nd-W
In the quasi-ternary system Fe-Nd-Ce-W hard magnetic phase with the ThMn12 structure and
compositions of Ce3.1Nd4.3Fe86.3W6.3 and Ce5.1Nd6.2Fe83.6W5.1. For the latter RE-enriched phase
a saturation polarization of Js = 0.8 T was obtained. The first anisotropy constant could not be
determined due to the limited extent of the grains. The magnetic phase with Nd3(Fe,Ti)29 crystal
structure and the composition of Ce6.3Nd3.8Fe85.8W4.1 was also detected. Additionally, the binary
REFe2 phase with a composition of Ce18.5Nd13.2Fe68.3 and the MgCu2 crystal structure and the
binary Friauf-Laves phase Fe2W with the composition Fe62.6W37.6 were detected (see Fig. A.15).
Fe-Ce-Sm-W
The best studied, and the most favorable candidates for ThMn12 samples have been the
Sm containing alloys. The hard magnetic compound Ce1−xSmxFe11W with a composition
of Ce3.0Sm4.2Fe85.9W6.9 and a saturation polarization of Js = 1.43 T and a first anisotropy con-
stant of K1 = 3.1 MJ/m3 for the ratio Ce:Sm of 3:4 was found in this RC. The compound with
Nd3(Fe,Ti)29 structure and a composition of Ce4.0Sm4.9Fe87.8W3.3 also showed visible domains,
which could however not be analyzed by domain pattern analysis. Furthermore, the binary
C14 Friauf-Laves phase Fe2W with the composition Fe65.3W34.7 was detected. Additionally,
the compound with Zn17Th2 structure and a composition of Ce4.5Sm5.2Fe88.5W1.9 was detected
(see Fig. 5.7). It should be noted that some regions of the 17:2 compound show easy-plane
domain patterns whereas others show none (Fig. 5.7c). Close inspection of the BSE-SEM image
(Fig. 5.7e) reveals that such areas have a slightly brighter appearance indicating a higher atomic
mass (e.g. higher Sm or W content). Unfortunately, no chemical analysis has been performed on
these specific regions.
Fe-Nd-Sm-W
The substitution of Sm by other RE elements is widely studied in the literature (e.g. in [108] for
Ti-containing systems). It is known that both Nd and Sm form the ThMn12 structure. In this
sample, the thermodynamically favored compound was the Zn17Th2 phase with a slight amount
of W and the composition Fe89.8W0.6Nd3.2Sm6.4, which shows visible domain patterns. The C14
Friauf-Laves phase Fe2W with a composition of Fe63.7W36.3 was also detected, as in all Fe-RE-W
RCs. The compound with the highest domain contrast was the one with the PuNi3 structure
containing both Nd and Sm but no W, with the exemplary composition Nd7.5Sm15.3Fe77.2 and
a saturation polarization of Js = 1.2 T and an anisotropy constant of K1 = 1.0 MJ/m3. The
compound with the Nd3(Fe,Ti)29 structure could not be detected (see Fig. A.16).
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure 5.7.: Correlative microscopy images of the Fe-Ce-Sm-W RC. The hard magnetic compound
with the ThMn12 structure is one the most promising compounds for a magnetic
material. The magnetic compound with the Nd3(Fe,Ti)29 structure shows weak
domain contrast (left top corner in (B)).
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5.3.3. Fe-RE-Mo-X
Figure 5.8.: MOKE image of the Fe-Ce-Mo-Co RC. Different contents of Mo result in a variation
in domain contrast for the phase with the ThMn12 structure.
In this diffusion couple the only magnetic phase with uniaxial domain structure detected is the
ThMn12 compound with an exemplary composition of Ce8.3Fe83.1Mo8.6 and a Mo-content of
7.4-14.1 at% in all detected grains. As shown in Fig. 5.8 for the Fe-Ce-Co-Mo system, domain
contrast of the ThMn12 phase decreases with increasing Mo-content. A saturation polarization of
Js = 0.8 T and a first anisotropy constant of K1 = 2.1 MJ/m3 were obtained by domain pattern
analysis for the above mentioned ternary composition with 8.6 at% Mo. It should be noted that
obtained K1-value is over-estimated since some very fine structures of the domain pattern are not
completely optically resolved. The compound with the Nd3(Fe,Ti)29 structure with a composition
of Ce10.3Fe85.9Mo3.8 was also detected but did not show any domain pattern (see Fig. A.17).
The compound with MgCu2 structure and a composition of Fe65.6Ce34.4 was also observed. The
compounds Mo5.1Fe7.9 with the composition of Mo40.9Fe59.1 and the W6Fe7 structure and the
binary Fe2Mo phase with a slight solution of Ce and a composition of Fe63.8Mo34.5Ce1.7 were
also detected.
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Fe-Ce-Mo-Al
In Fe-Ce-Mo-Al diffusion couple, like in the ternary Fe-Ce-Mo system, only one hard magnetic
compound with ThMn12 structure, and the composition of Ce8.4Fe80.8Al3.5Mo7.4 showing domain
patterns was observed. Due to the misalignment of the hard magnetic grains, an estimation of
intrinsic magnetic properties was not possible. Additionally, the compound with the Nd3(Fe,Ti)29
and a composition Ce10.1Fe81.8Al3.5Mo4.6 was observed, which did not show a domain struc-
ture. Furthermore the binary Fe2Ce compound with the MgCu2 structure and a composition
of Fe68.3Al3.8 Ce33.9 as well as the compound with Zn17Th2 structure and a composition of
Ce11.2Fe82.7Al4.0Mo2.1 was found. The observed substantial solubility of Al in Ce2Fe17 is in
accordance with [188] (see Fig. A.17).
Fe-Sm-Mo-Al
In this diffusion couple, the hard magnetic compound with the ThMn12 structure and the
composition Sm7.7Fe73.7Al5.9Mo12.7 was detected. With estimated saturation polarization of Js =
1.3 T. Since the estimated saturation polarization of 1.3 T is comparatively high, the calculated
anisotropy constant K1 according to eq. (4.6) yields a value of K1 = 4.4 MJ/m3. This compound
is one of the most promising hard magnetic phases with the ThMn12 structure detected in this
work. Furthermore, the compound with the Nd3(Fe,Ti)29 crystal structure and a composition of
Sm10.3Fe80.9Al6.8Mo2.0 was detected (see Fig. 5.9). The magnetic compounds with Sm(Fe,Al)2
and MgCu2 crystal structure and a composition of Sm33.5Fe56.3Al10.2, and the Sm5(Fe,Al)17
phase with Nd5Fe17 crystal structure and a composition of Sm21Fe72.5Al6.5 were also found in
this RC. It should be noted that some regions of Sm(Fe,Al)2 as determined by the grey level
contrast in the BSE-SEM image show domain pattern in polar Kerr contrast whereas others do
not. This is could be due to different Al-contents of the different grains. It is known that Al
greatly enhances the anisotropy field HA of the cubic Fe2Sm phase, almost reaching the level of
hexagonal hard magnetic Fe3Sm [189].
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure 5.9.: Correlative microscopy images of the Fe-Sm-Mo-Al RC. The hard magnetic compound
with the ThMn12 structure depicts the highest domain contrast. The compound
with Nd3(Fe,Ti)29 structure and some grains of the compound with MgCu2 structure
show weak domain contrast.
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5.4. Systems with non-magnetic compounds
Only certain elements lead to stabilization of magnetic compounds in Fe-RE systems. Theoretical
studies give hints that a few system such as Fe-RE-P, are potential candidates to form new stable
hard magnetic compounds [1, 190]. However, no compound with the ThMn12 structure could be
found and therefore the results were not presented in the above section. In the following two
systems are discussed that don’t form any hard magnetic compounds.
(a) MOKE image (A). (b) MOKE image (B).
(c) MOKE image (c).
Figure 5.10.: MOKE images of the Fe-Ce-Sn-Pd without magnetic compounds. No domain
patterns are visible.
5.4.1. Fe-Ce-Pd-Sn
In this RC, mainly binary compounds could be detected. Both Sn and Pd have not been
reported to form either of the compounds with RE2Fe14B, ThMn12 or Nd3(Fe,Ti)29 structure.
Two binary Ce-Sn-based compounds were found in this sample: Ce5Sn3 with the W5Si3 crystal
structure and a composition of Ce64.8Sn35.2 and Ce3Sn with Cu3Au structure and a composition
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of Ce75.6Sn24.4 (see Fig. 5.10). Additionally, the binary Fe17Ce2 compounds with a composition
of Ce11.5Fe88.5/Ce11.6Fe88.4 and the Th2Zn17 crystal structure and the binary Fe2Ce with the
MgCu2 structure and a composition Ce34.2Fe65.8/Ce34.9Fe65.1 were detected. A compound
with the composition of Fe49.4Ce50.6 was also detected. Finally, only one Ce-Pd compound of
composition Ce72Pd28 and Th7Fe3 structure was detected.
5.4.2. Fe-Ce-Nd-Ge
In the mischmetal system Fe-Ce-Nd-Ge only quasi-ternary compounds could be detected. The Ge-
containing compound without Fe and with a composition of Ge38.4Ce23.7Nd37.9 and the hexagonal
Mn5Si3 structure was found. Additionally the compound Ce3Ge5 with the orthorhombic Y3Ge5
structure and a composition of Ge63.0Ce15.9Nd21.1 was measured. Two Fe-rich compounds,
REFe2 with the cubic MgCu2 structure and the RE2Fe17 compound with the composition
Ce29.6Nd5.7Fe64.6 and Ce5.3Nd5.7Fe89.0 respectively could be detected in this diffusion couple (see
Fig. 5.11).
(a) MOKE image (A). (b) MOKE image (B).
Figure 5.11.: MOKE images of the Fe-Ce-Nd-Ge without magnetic compounds. No domain
patterns are visible. Compositions Ce5.0Nd6.2Fe88.8 and Ce31.3Nd3.2Fe64.5 represent
the RE2Fe17 and REFe2 phases, respectively.
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5.5.1. Systems with the Nd2Fe14B crystal structure
The Fe-Ce-Nd-B system
For the system Fe-Nd-Ce, no ternary phase diagrams were available. However, the substitution
of both RE’s by one another has been studied in detail in various compounds. The presence of
the mixed Ce-valence of 3.44 is one of the biggest problems in the Ce-containing hard magnetic
compounds both with ThMn12 and the RE2Fe14B structure. As Fruchart et al. [2] state the
presence of α-state Ce4+, which is regarded as impure for reasons of crystalline anisotropy, leads
to the mixed valency [191].
The ratio of the experimentally obtained and calculated values for the first anisotropy constant
in Ce2Fe14B and Nd2Fe14B reveals a theoretical overestimation of the experimental values by a
factor of 3 to 10 for Ce2Fe14B [1]. One of the possible methods to shift the Ce valency towards
the favorable γ-state Ce3+ is the substitution of Ce by other RE-metals [4]. In case of Ce-Nd,
Ce tends to occupy the RE(4g) site. The binary REFe2 compound was formed with a ratio of
Ce:Nd of ∼ 26:7 despite the fact that the pure binary Fe2Nd does not exist. The formation of
the quasi-binary phase indicates that for this combination it is possible to substitute Ce by Nd
in this intermetallic phase. Ban et al. [192] studied the MgCu2-type compounds Ce1−xRExFe2
(RE= La, Pr, Nd) and detected that in the case of Nd for x < 0.5 the alloy existed as a single
phase. The obtained results in this RC were in accordance with literature data.
The binary compound of Fe17Nd2 with the Zn17Th2 structure [193, 194] was also not detected in
this sample. The metastable compound Nd5Fe17 [195] could also not be proven in this RC, since
in most cases only the thermodynamically stable compounds are formed in the crucible. The
values for saturation polarization and the first anisotropy constant in the 2:14:1 compound of Js
= 1.46 T and K1 = 2.5 MJ/m3 respectively, were in accordance with the rule of mixture (see
Table 3.1). The validity of the rule of mixture means that RE-atoms can be replaced gradually and
the intrinsic properties follow a linear dependence upon substitution. It was assumed that various
combinations of REa:REb occur in the RE2Fe14B hard magnetic phase, only a constant ratio
of Ce:Nd could be detected, which implies that at the given annealing temperature of 1050 ◦C,
this ratio is thermodynamically favored. As Ener et al. [75] demonstrate, the relative ratio of
elements in the crucible plays a crucial role in determining which compounds are formed during
the annealing process. Studies on the manipulation of Ce valency were done by Jin et al. [4] and
are discussed in Sec. 5.2.2. The effect of Ce substitution on the coercivity was studied by Zhao et
al in [196]. The changes of extrinsic properties are discussed in the following. Zhou et al. [197]
studied a new method, the dual-main-phase, to produce (CeNdPr)-Fe-B sintered magnets with
enhanced coercivity and lower price. They concluded that the difference of the magnetocrystalline
fields between the dual main phases is responsible for the obtained higher coercivity. Furthermore,
the grain boundary phase was enlarged, which led to the separation of the main hard magnetic
phase. Other studies by Yan et al. [198] show that in (Di1−xCex)27.5Dy3Al0.1Cu0.1FebalB1 (Di =
didymium (Pr-Nd)), the addition of Ce leads to high coercivity low cost sintered magnets.
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The Fe-Ce-La-B system
The binary compound CeFe2 with a slight addition of La was detected. No intermetallic phases
were formed in the Fe-La alloys in accordance with the binary phase diagram. In this RC, the
ratio of Ce:La is 2:1. The intrinsic magnetic properties found for this ratio were Js = 1.17 T and
K1 = 1.0 MJ/m3. Since only one ratio could be detected in the RC, a detailed description of
the concentration dependence could not be given and is not further discussed in the following
chapters. According to the rule of mixture, a Js value of 1.21 T and a K1 value of 1.36 MJ/m3
should be obtained for the detected ratio. Inside the error boundaries of domain pattern analysis
(see Sec. 4.3.2), these results are in accordance with the rule of mixture.
Fuerst et al. [199] studied the saturation magnetization of the system La2−xCexFe14B at 5 K.
The gradual substitution of La by Ce showed no sign of formation of Ce3+ in the whole interval.
No enhancement of TC was observed resulting from the formation of Ce3+, which indicated
that TC only depends on Fe-Fe exchange. Alam et al. [65] studied the site preference and
influence of Ce-valency in the system (RE1−xCex)2Fe14B by density functional theory DFT and
experimentally. The Ce-La alloy showed a solid solution for the complete range. Ce occupies the
smaller RE sites (4f), whereas La occupies the RE site (4g).
The Ce valence is dependent upon the steric environment and since the ionic radius of the Ce4+
is smaller than the one of the Ce3+, the relation r (Ce3+) > r (Nd3+) > r (Ce4+) holds. In case
of La-Ce, a change towards Ce3+ could occur at lower Ce-content. In equation (2.68) r24f is the
the squared 4f shell radius. A change of valency towards Ce3+, which has a bigger steric volume,
would lead to an increase of K1. In the system [(Pr, Nd)1−x(La, Ce)x]2.14Fe14B (0 ≤ x ≤ 0.5)
studied by Jin et al. [4], a shift of valency towards the favorable Ce3+ occurred. The substitution
of Nd by Ce and La leads to a decreased cost of the magnetic material. The combination of both
studies by Jin et al. [4] and Yan et al. [198] (see also previous section), namely the addition of
La to the system studies by Yan et al., could lead to further improvements of magnetic materials
by simultaneously lowering the cost.
The Fe-Sm-Nd-B system
Sm and Nd both form the compound with Nd2Fe14B structure. However, it is well known that
only in systems with RE-elements with negative second Stevens factor the uniaxial behavior is
observed. As seen in this diffusion couple, a mixture of Nd and Sm led to the formation of only
the 2:14:1 phase with nonuniaxial behavior. The first anisotropy constant of the pure Sm system
is K1 = -12 MJ/m3 and the pure Nd system has a K1 value of 4.3 MJ/m3 [200]. Assuming that
the law of mixture is valid, we obtained a K1 value for this composition of (1.35*(-12) + 4.3)/2
= -5.95 MJ/m3 for the measured ratio for Sm:Nd of 1:1.35 (x = 1.48). It should be noted, that
the measured Fe content was 1 at% higher than the regular value according to Table. A.4. This
yields different Sm:Nd-ratios (see sec. 5.2.4) which in return results in K1-values between -4.7
and -7.3 MJ/m3. Since in this case the 2:14:1 demonstrated an easy-plane magnetization the
deviation of K1 could also not be determined via domain pattern analysis and thus not further
discussed (see also Sec. 4.3.2).
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For the detected Sm:Nd ratio, a negative K1 value was calculated which implies an easy-plane
magnetization of the analyzed 2:14:1 compound Rule of mixture suggests that up to a ratio
of Nd:Sm of 2.79:1 a positive value for the anisotropy constant will be obtained. For higher
Sm-contents, the K1 would be negative, which leads to easy-plane magnetization as found in this
sample. In studies by Yang et al. [201], the magnetization measurements showed that the c-axis is
the easy axis for x < 0.3 in (Nd1−xSmx)2Fe14B. The measurements were in good accordance with
the assumption that the rule of mixture is valid in this series for the first anisotropy constant.
The combination of Sm and Nd in ThMn12 compounds is studied in Sec. 5.3.2 for the system
Fe-Sm-Nd-W.
The Fe-Nd-Y-B system
Compounds with both the PuNi3 and MgCu2 structure exist in the binary system Fe-Y, but
not in the Fe-Nd system. Quasi-binary compounds with both the metastable Nd5Fe17 [202]
phase and the phase with the Zn17Th2 [203] structure are known in the literature. In this
B-containing RC these two phases were not formed, since the formation of other compounds is
thermodynamically favored. The synthesis of the compound with the Nd5Fe17 structure via the
RC method was not successful in the whole series of Nd-containing specimens. Abache et al. [204]
studied the temperature dependence of magnetization, the spin reorientation temperature and
the anisotropy field (300, 77, 4.2 K) and the K1-value at 300 K for Nd2−xYxFe14B with x =
0, 0.1, 0.5, 1 between 0-320 K. The saturation polarization and the anisotropy constant both
decrease with increasing Y-content, which is in accordance with the results obtained in this
sample. The compound with the higher Y-content exhibited a lower saturation polarization and
anisotropy constant. There is very good accordance between the results of Abache et al. and the
performed domain pattern analysis. E.g. literature reports for Nd0.2Y1.8Fe14B a K1-value of 1.41
MJ/m3 whereas the Nd0.3Y1.7Fe14B phase detected in the RC yields a K1-value of 1.45 MJ/m3.
A detailed study on a wider spectrum of Nd:Y-ratios in the Nd2−xYxFe14B series was carried
out in Sec. 6.2 and [154] for arc melting samples.
The temperature dependence of both ternary 2:14:1 compounds with Nd and Y were studied by
Sagawa [205] in the range of 4.2-590 K for single crystals. Whereas the K1 value of Nd2Fe14B
decreased linearly as a function of temperature a maximum at 330 K was observed for Y2Fe14B.
At RT the K1 value was one fourth that of the Nd2Fe14B compound. The rapid decrease of the
magnetocrystalline anisotropy is the main reason for the rapid decline of the coercivity of the
sintered Nd2Fe14B magnets at higher temperatures.
The compound with the MgCu2 structure did show domain patterns and the one with PuNi3 did
not. According to the literature [206, 207], this should be reversed. New EDX measurements
should be performed to clarify this contradiction. The influence of Y-substitution on the coercivity
of the mechanically alloyed magnets in a series of (Nd1−xYx)2Fe14B is studied in Sec. 6.3.
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5.5.2. Systems with the ThMn12 and Nd3(Fe,Ti)29 crystal structure
The Fe-Ce-Ti system
Kocher et al. [208] detected ferromagnetic behavior in both Fe2Ti and Fe2Zr compounds, but
Piegger and Craig [209] found that the Fe2Ti phase shows paramagnetic behavior. Wallace [210]
studied the Friauf-Laves phases Fe2Ti and CeFe2. The former compound is antiferromagnetic at
Figure 5.12.: “ Magnetic phase diagram for TixFe100−x with C14 Laves-phase structure as
determined from the investigations by Wassermann et al. [211] and data from the
literature by Bru¨ckner et al. [212, 213, 214], Okazaki [215, 216], Nakamichi [217], and
Brown et al. [218]. The assignment of the different symbols for Curie temperatures
TC Nee´l temperatures TN , and onset temperatures of mixed magnetic behavior T∗ to
the different authors is given in the inset. (Full lines) second-order phase transition
lines; (dashed lines) border lines to regions with mixed magnetic behavior; dotted
line at x = 32.2 indicates the transition from preferentially FM to AF ordering.“
[211].
6 ◦C and the latter ferromagnetic at -38 ◦C. The transition of ferromagnetic to antiferromagnetic
behavior in the binary Friauf-Laves phase Fe2Ti was studied by Wasserman et al. [211]. They
prepared samples in the range of x = 30.5-36.5 in Fe100−xTix and concluded that up to a content
of 32.2 ± 0.3 at% the compound is ferromagnetic and for higher values of Ti a sudden change to
antiferromagnetic behavior has been observed (see Fig. 5.12). As already explained in sec. 5.3.1,
visibility of the Fe2Ti domain patterns also depends upon the grain size, resolving power of the
objective lens, image acquisition conditions and surface quality of the polished microsection.
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The ternary Fe-Ce-Ti compounds with ThMn12 structure were studied e.g. by Akayama et al. [98]
and the Nd3(Fe,Ti)29 compounds by Fu¨rst et al. [199] and Kalogirou et al. [112]. Ti-containing
phases with ThMn12 structure show the best intrinsic properties among TM = Ti, Mo, V, Cr, Si
compounds with a saturation polarization of Js = 1.19 T, TC = 212 ◦C and K1 of 1.4 MJ/m3.
The estimated value of the saturation polarization obtained by domain pattern analysis of Js =
1.1 T was in good agreement with the known value in the literature [219]. The first anisotropy
constant obtained by domain pattern analysis with a value of 2.0 MJ/m3 was also in accordance
with the values given in the literature, within the limits of error (see Sec. 4.3.2). As studied by
Isnard [220], CeFe11Ti compound shows the lowest Curie temperature of all REFe11Ti compounds
and demonstrates an increase of TC by 55 K upon hydrogenation (see Fig. A.6).
The intrinsic magnetic properties of the compounds with Nd3(Fe,Ti)29 structure are harder to
estimate by domain pattern analysis, which could not be achieved in this case, since the contrast
is very low and no closure-type domains were present for this compound, so that an estimation of
K1 was not possible. The compressibility and magneto-volume effects in Ce3(Fe,Ti)29 was studied
by Kamarad et al. [221]. Isnard et al. [220, 219] showed that nitrogenation of this compound
leads to the augmentation of the lattice parameters and the rise of the Curie temperature. The
increase of TC in this compound has been the highest reported value for the whole RE3(Fe,Ti)29
series.
A series of additives and their effect on intrinsic magnetic properties were studied in the system
Fe-Ce-Ti-X (X = Al, Co, Ni). However, only the addition of Co led to an increase of the
saturation polarization and the first anisotropy constant, which is discussed in the following
section.
The Fe-Ce-Ti-Co system
According to the Bethe-Slater curve, the exchange energy of Co-Co is higher than that of Fe-Fe
atoms. Therefore, substitution of Fe by Co could result in enhancement of the interatomic
exchange coupling. The addition of Co in systems REFe11−xCoxTi for RE = Y, Sm, Gd, Dy,
Ho and Er has been investigated in various publications [222, 223, 224, 225]. In addition, the
pure CeCo11Ti phase was synthesized and analyzed inn Ohasi et al. [226]. In this RC the three
compounds with the ThMn12, Nd3(Fe,Ti)29 and the binary (Fe,Co)2Ti compound were detected.
The ternary Fe2Ti Laves-phase was already formed and discussed in the Fe-Ti-Ce crucible (see
Sec. 5.5.2). The addition of Co to the Laves phase is not in the scope of this thesis and will not be
discussed further. For the Co-modified 1:12 phase, the intrinsic properties were estimated at Js =
1.25 T and K1 = 2 MJ/m3, indicating a slight increase of Js compared with the unmodified phase
(Js = 1.19 T [97]) [227]. As expected, significantly lower intrinsic magnetic parameters were
obtained for the Co-modified 3:29 phase, yielding values for Js = 0.5 T and K1 = 0.4 MJ/m3,
respectively. Due to the low intrinsic properties this compound was not investigated further in
this thesis. The system CeFe11−xCoxTi, had not been studied until recently but was investigated
by [124, 228] and by our group [122] (also see Chap. 7).
The compound Gd3(Fe0.665Co0.313Ti0.022)29 was studied by Huo et al. [229]. Kalogirou et al. [230]
investigated the compound Nd3(Fe1−xCox)27.7Ti1.3. The saturation polarization rises up to x
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= 0.1 and stayed relatively constant at room temperature. For the anisotropy field a nonlinear
behavior could be asserted. The Curie temperature rose with increasing Co-content. The
magnetic properties of the Ce3(Fe1−x−yTixCoy)29 sample had not been studied in the literature
yet. The addition of H, N, C to the ternary Ce3(Fe,Ti)29 phase had, however, been investigated
by Cadogan et al. [231].
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The Fe-Ce-W system
W belongs to the refractory metals, which stabilize the ThMn12 and therefore also the Nd3(Fe,Ti)29
structure. For the family of REFe11.3W0.7 with heavy RE = Dy, Ho, Er, Lu [232, 233], a weak
ferromagnetism for Fe-sublattice is present, which couples anti-ferromagnetically to the RE-
sublattice. At room temperature the compounds with Dy, Ho and Er show an uniaxial anisotropy.
For the compound with the nonmagnetic Lu no spin reorientation occurs from -268 ◦C up to
the TC of 217 ◦C. The Sm-containing compounds were studied by Buschow [129] and, as they
point out for all TMs in Fe12−xTMxRE series, Sm is the most promising candidate for magnetic
materials. Further details for RE = Gd, Sm, Y, and Tb are given in [102, 129] and for the
Y-system [223]. In the Fe-Ce-W system only the compound with Th2Zn17 structure was studied
by Hasebe [234], not the ThMn12 compound. Disregarding the fact that the second Stevens factor
is negative, the easy magnetization direction for Ce-containing compounds with the ThMn12
structure is parallel to the c-axis. The system (Fe,W)12RE was known with heavy RE’s and
Nd, Sm, and Y [102, 129, 105, 235]. The synthesis of Nd3(Fe,W)29 compound was reported by
Sanchez et al. [236]. The ternary compound Gd3(Fe,W)29 was reported by Liu et al. [237]. The
Sm3(Fe,W)29 compound was discovered by Ivanova in 2008 [238]. The hard magnetic compound
with ThMn12 structure and a Js value of 1.0 T and a K1 value of ' 2.0 MJ/m3 found in this
RC is a truly new magnetic compound, which has not been reported in the literature before.
Also the new magnetic compound with the Nd3(Fe,Ti)29 structure containing Ce and W has
not been known in the literature. In-depth studies on magnetic compounds with both ThMn12
and Nd3(Fe,Ti)29 structure were published in [227]. A patent application was also filed for this
compound [239]. A detailed study on this new magnetic materials systems is given in Chap. 7.3.1.
The detected Fe2W Laves phase often showed Fe-enriched off-stoichiometric compositions that
were so far not reported in literature [240]. This phase is a ferromagnetic Friauf-Laves-phase
with MgZn2 prototype with hexagonal C14 structure [151], a magnetization of 27 Am2/kg (with
ρideal: 14.94 gcm−3 and saturation polarization of Js = 0.51 T) [151]. Ishida et al. [241] pointed
out that they could not determine whether the Fe2W phase is ferromagnetic or not. Even though
the absence of domain patterns in the analyzed Fe2W grains of hexagonal C14 structure might
support this hypothesis, it is not definite prove. E.g. the magnitude of the Kerr-effect is not
solely dependent on magnetization but also on additional material properties (such as electron
band structure etc). This novel Fe2+xW1−x Laves phase, which was frequently observed in several
W-containing RC, will not be discussed further since it is not in the primary focus of this thesis.
The Fe-Ce-Ti-W system
The estimated saturation polarization value of Js = 1.0 T for the composition Ce8.3Fe83.9Ti4.5W3.3
is lower than the Js-value of 1.19 T for the pure CeFe11Ti compound [98, 97, 219, 122] and equal
to the estimated value of 1.0 T for the new CeFe11W compound [227]. The anisotropy constant
of K1 = 2.5 MJ/m3 for this sample is higher than for both the Ti-containing (1.4 MJ/m3) and
W-containing compounds (2.0 MJ/m3). This could be the result of the non optimal domain
pattern found in this specimen. Both values, especially the K1, should be examined in detail in
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further studies. It is known that the binary Fe-Ti compound is ferromagnetic with the hexagonal
C14 Friauf-Laves structure up to a Ti-content of 32.5 at% [212, 213, 242] and the discussion if
Fe2W is ferromagnetic, is not fully clarified and was not the point of interest in this work.
It was demonstrated in this specimen that W can replace Ti in the Laves phase. The ternary
phase diagram of Fe-Ti-W at 1000 ◦C displays a homogeneity range for the Friauf-Laves phase
of Fe2Ti with Ti contents in the range of ∼ 27-34 at% and for the binary Fe2W phase a pure
stoichiometric composition [243](see also [240] for the Fe-Ti-W ternary system). As shown in
the Fe-Ce-Ti-W reaction crucible Ti and W can be substituted by one another in the ThMn12
crystal structure (In [105] many compounds with 2 different refractory metals are presented).
The presence of the W-rich compound Fe2W and the absence of elemental W in the sample
proves that the W-diffusion was sufficiently high despite its high melting point of 3422◦ C. The
fact that the Ce(Fe,W,Ti)12 phase occurs with different W:Ti ratios indicates that there were
local variations in W-supply throughout the sample at the given experimental conditions, thus,
fully leveraging the potential of the reaction crucible method.
In the Sm(Fe,W)12system W and Fe equally occupy all three crystallographical sites [129]. Ti
has been reported to occupy the 8i site for REFe11Ti (RE = Ce, Nd, Pr) compounds annealed at
1100 ◦C. As shown in Fig. 3.3, W has a wider stabilization range for the ThMn12 structure than Ti
in REFe12−xTMx. Wang and Hadjipanayis [244] studied the SmFe10TiV system with the nominal
composition of Sm8Fe76Ti8V8. A list of compounds with the Sm8Fe76X16 composition (X = Ti-V,
Ti, Cr-V, Ti-Zr-V, Ti-Nb-V,...) were studied in that paper, and the coercivity, anisotropy field,
saturation magnetization and Curie temperature are presented. The highest Ms and HA belong
to the pure Sm-Fe-Ti system and the highest coercivity to the Sm8Fe75.5Ga0.5Ti8V8 system.
The Fe-Ce-W-Co system
Co was added as an additive with 10 at% to the reaction crucible. However, the amount of Co
found in both magnetic phases yielded about 2-3 at%. In literature, RE(Fe,Co,W)12 phases with
ThMn12 structure and RE = Y, Tb have been synthesized and analyzed [245, 246]. However,
these compounds contain a significantly higher Co-content (up to 60 at%) compared to the novel
Ce(Fe,Co,W)12 phase. Due to the small amount of Co in the RC, the formation of compounds
with a higher Co-content was not thermodynamically favorable. For the saturation polarization
of the Co-containing compound with the composition of Ce8.3Fe81.6Co2.0W8.1, a value of Js =
0.71 T was estimated, which was lower than the one for the pure ternary compound (Js =
1.0 T). Due to the challenges of metallographic preparation of this sample the Kerr images
were not in the optimum condition for domain pattern analysis. It is assumed that under
optimum condition higher saturation polarization values would be obtained. As studied in detail
in the case of Ce(Fe,Ti,Co)12 system, a higher Co-content could lead to an augmentation of
the saturation polarization, which in this reaction crucible was not the case. To determine the
effect of Co-concentration dependence of intrinsic properties in the series CeFe12−x−yCoxWy a
detailed study and magnetometry measurement analogous to the study of CeFe12−xCoxTi [122]
is necessary. According to the binary phase diagram of Fe and Co, the solid solubility of Fe-Co is
given.
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It has to be investigated, whether in CeFe11−xCoxW also a complete substitution of Fe by
Co is possible as is the case for CeFe11−xCoxTi [124]. A similar behavior is observed for
REFe10.8−xCoxW1.2 with RE = Y, Tb. However, at higher Co-content (e.g. x > 5 for RE = Tb)
an additional Zn17Th2-based phase occurs [245, 246].
The Fe-Ce-Nd-W system
A sample of Nd3W1.5Fe27.5 compound with the Nd3(Fe,Ti)29 structure was fabricated by
Sanchez et al. [236]. As studied by Chin et. al [235, 105] for the compounds with the ThMn12
structure, the Nd-containing compound Nd2Fe10W2 has a higher RE-content than the other
REFe11TM compounds. This fact was also observed in this sample where some grains show the
RE-enriched composition of Ce5.1Nd6.2Fe83.6W5.1. The RE-metal content in these specific grains
was greater than in the other RE-Fe-W samples and also in mischmetal compound. All the
detected grains with ThMn12 structure contained an over-proportional amount of Nd, whereas
the grains with the MgCu2 structure contained a higher amount of Ce. The Js value of 0.8 T
for the above mentioned composition is lower than the value for the pure ternary CeFe11W
compound. The ternary NdFe12−xWx sample was not produced in this work since the focus lay
mainly on Ce-based compounds.
The Fe-Ce-Pr-W system
The aim of investigating mischmetal-systems was to study the influence of different RE’s on the
magnetic properties of RE(Fe,TM)12 compounds, especially the quasi-quaternary combination
with Ce. As discussed in Sec. 2.9 for RE2Fe14B and RE2Co17 compounds, the sign of the second
Stevens factor determines the easy magnetization direction (EMD) of the compound. The case
of ThMn12 compounds is still controversially discussed since, despite the negative sign of the
Ce-containing compounds, an uniaxial behavior was observed. No data was found concerning
the ternary Pr(Fe,W)12 system. According to Kou et al. [247] the production of PrFe11Ti had
caused various problems before and was first successfully fabricated by their group. In their
experiment, the Pr-containing system was the only compound which contained Fe2Ti and Fe as
residual compounds. The easy magnetization direction (EMD) for PrFe11Ti is the basal plane
within the range of 4.2-800 K. They observed no spin reorientation transition and the uniaxial
anisotropy of Fe is suppressed by the planar anisotropy of Pr in the whole temperature range,
which means that the planar anisotropy of Pr is dominant up to the Curie temperature. In a
similar study by Kou et al. [248] of the system REFe10Mo2, a planar anisotropy was expected
in the whole temperature range for the Pr-containing sample. Studies on the crystal structure
and the magnetic properties for the PrFe11.5−xVxTi0.5 system and its nitrides were done by
Tang et al. [249]. CeFe11−xTMx samples demonstrated uniaxial magnetization direction at room
temperature. As shown in this sample at RT the (Ce1−xPrx)(Fe11W) compound with the ratio
of 1:1 for Ce:Pr (x = 0.5) demonstrates easy plane or easy cone behavior as shown in the stripe
domains. Since no data was found concerning the K1 values of the PrFe11W compound, the
value for this ratio can not be estimated according to the rule of mixture. As for the case of Co
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addition, the effect of gradual substitution on intrinsic magnetic properties could be studied in
further works.
The Fe-Ce-La-W system
The substitution of La by Ce in the system RE2Fe14B [4] was studied to shift the Ce4+ valency
towards the Ce3+ which is favorable for reasons of anisotropy. This is possible due to the larger
ionic radius of La3+, which in fact has the largest ionic radius of all REs, through which the
steric volume of the RE-site increases in the lattice and Ce valency can be shifted towards the
favorable 3+ state. This is only possible for 2:14:1 alloys since all RE’s in this family (Pr, Nd,
La, Ce, Dy) form the 2:14:1 phase and except Sm (in light RE-metals) show uniaxial behavior.
The question if substitution of Ce by La in compounds with ThMn12 structure would also lead
to a convergence of Ce valency towards the 3+ state due to the bigger steric volume of the La
ion was examined in this thesis using the Fe-Ce-La-W reaction crucible. The Fe-La intermetallic
compounds (also upon hydrogenation) do not form the ThMn12 but the NaZn13 crystal structure
(Wiesinger in [5]). In the La-free Fe-Ce-W sample a vast area of the RC was covered with both
1:12 and 3:29 magnetic compounds. The addition of La showed that a small amount of La in the
hard magnetic compound leads to a decrease of domain contrast and width. Due to the extent of
the grains and the weak domain contrast the intrinsic magnetic properties could not be estimated
by means of domain pattern analysis. Since there are no studies available for Ce1−xLaxFe11W
alloys the crystal structure cannot be determined with certainty, and a detailed study was not in
the scope of this thesis. It can be concluded that in these compounds the addition of La does
not lead to a shift of Ce4+ towards the magnetic Ce3+ state. This idea does not lead to success
for the ThMn12 compounds as it does in RE2Fe14B compounds.
The Fe-Ce-Sm-W system
According to the obtained results, the combination of Sm-Ce as mischmetal is the most promising
candidate for substitution of Ce in the quasi-ternary systems with ThMn12 structure. The
SmFe10.5W1.5 sample with the ThMn12 structure was first described by Buschow in 1988 [129].
Kim et al. [108] investigated the (Sm0.5RE0.5)Fe11Ti compound with RE= Ce, Pr, Nd, Sm,
Gd and Tb. This study showed that the substitution by Ce yields the highest K1 value of
3.4 MJ/m3 among the studied compounds for the synthesized (Ce,Sm)(Fe,W)12 compound. The
estimated K1 value of 3.1 MJ/m3 in the RC was marginally lower than the reported value for
the Ti-containing compound reported in [108] . These results show a similar trend for both Ti
and W containing compounds for Ce-Sm mischmetal.
As for both Ti and Mo containing samples the SmFe11TM compound exhibits a higher Js value
than the CeFe11TM compound. The estimated value of the saturation polarization of Js =
1.43 T for the composition Fe86.4Ce3.1Sm4.1W6.4 was higher than those of the pure SmFe11Ti
and SmFe11Mo. Since for the SmFe11W compound only data on crystal structure could be
found [129] and magnetic measurements were available only for Sm8Fe76Ti8−xWxV8 (x= 1) [244],
the intrinsic magnetic properties obtained in this RC could not be compared to values from the
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literature. The potential of the Ce1−xSmxFe11W (0 ≤ x ≤ 1) compound as a magnetic material
is studied in Chap. 7.
The Fe-Nd-Sm-W system
The compound with the PuNi3 structure showed a saturation polarization of Js = 1.2 T and
an anisotropy constant of K1 = 1.0 MJ/m3 in this RC. This phase does not exist in the binary
Fe-Nd system. The value for the saturation magnetization for the ternary SmFe3 compound is
80.6 emu/g [250].
According to the binary phase diagram the Fe2W Friauf-Laves phase is present in all samples,
which are annealed below 1060 ◦C. Due to the heat treatment of all specimens for 15 h at 1050 ◦C,
this compound was always present. Unlike Fe2Ti grains detected in Ti-containing samples, the
Fe2W grains showed no domain pattern. Adding Nd to Sm-W-containing sample did not lead
to formation of the ThMn12 compound in this RC, hence it was thermodynamically not the
favorable compound. The compound with Nd-substitution has the highest saturation polarization
in the series (Sm0.5RE0.5)Fe11Ti [108]. The compound with the PuNi3 structure containing both
Nd and Sm but no W, with the exemplary composition Nd7.5Sm15.3Fe77.2 was the only compound
showing domain pattern. This compound is known in literature and will not be investigated
further in this work(see also [13]).
The system YW2Fe10 was studied by Jurczyk [245] and De Mooij [251] and the Curie temperature
was determined to be 237 ◦C and 227 ◦C respectively [252]. The only ternary isothermal section
of Fe-Y-W was studied at 800 ◦C [253]. For the systems Fe-Sm-W, Fe-Nd-W, Fe-Ce-W and
Fe-Pr-W no ternary phase diagrams exist [254], thus no phase formation and stability could not be
compared to literature. Verhoef et al. [255] studied the magnetic properties of REFe12−xTx with
RE = Y, Gd and T = Ti, Cr, V, Mo, W. Shah et al. [256] analyzed the system Fe27.5PrxSm1−xTi1.5
with x = 0.2, 0.5, 0.8, 1.0 and its nitrides.
The Fe-Ce-Mo system
The ternary CeFe12−xMox compound has been known in the literature [105]. This diffusion
couple was produced to compare the estimated intrinsic magnetic properties of the compound
with literature values. Mu¨ller [132] obtained a saturation polarization of Js = 0.65 T and a TC of
85 ◦C for a composition of Ce8Fe80Mo12. As shown in Sec. 4.3.1, the saturation polarization can
be determined with an uncertainty of ± 0.2 T. The calculated value of 0.8 T was the mean value
of different compositions of Mo and Ce in this diffusion couple. The first anisotropy constant
was estimated to be K1 = 2.1 MJ/m3. This value is an over-estimation since the very fine
domain structure pattern could optically not fully resolved. The stability range of Mo in the
ThMn12 compound is displayed in Fig. 3.3 with a wider range than for Ti and W compounds.
As demonstrated here, the RC method has the additional advantage that it is possible to cover
the relevant part of the phase diagram with only one sample.
The only isothermal section of the phase diagram available for the ternary Fe-Ce-Mo system
is at 797 ◦C [257]. This sample shows that in the Fe-rich corner all compounds which are
present at 797 ◦C can also be detected at 1050 ◦C, with the exception of the compound with
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the Nd3(Fe,Ti)29 structure, which is not stable at lower temperature. The compound with the
Zn17Th2 structure could not be detected without a Mo-content.
The Fe-Ce-Mo-Al system
The ternary RE(Fe,Mo)12 compound with ThMn12 was thoroughly studied in the literature.
The effect of B and Co addition was also investigated e.g. in [132]. The magnetic hardening of
CeFe12−xMox by nitrogenation was studied by Zhou and Pinkerton [258]. Unfortunately, the
intrinsic magnetic properties of Ce(Fe1−x−yAlxMoy)12 could not be estimated due to misaligned
orientation of the grains. However, qualitative analysis suggests a lower domain contrast and,
thus, a lower saturation polarization. Furthermore, this ThMn12-type phase occurred only in
form of comparatively small grains scattered throughout the reaction crucible. This suggests
that formation of this phase is in thermodynamic competition with several other compounds, e.g.
29:3 type and Laves-phase at the given experimental conditions. The Nd3(Fe,Ti)29 compound
shows no domain pattern. The only available ternary phase diagram for the Fe-Ce-Al system
is the isothermal section at 500 ◦C [259]. Since the binary CeFe2 compound with the MgCu2
structure and a composition of Fe68.3Al3.8Ce33.9 was formed at 1050 ◦C and for this temperature
no data are available, it can be stated that this compound is a new intermetallic phase, which is
however not relevant for this thesis and will not be further studied in the following chapters.
The Fe-Sm-Mo-Al system
The hard magnetic compound Sm(Fe,Mo)12 was known and studied in the literature. The
structure and the magnetocrystalline anisotropy of the Fe10Mo2Sm compound was studied
by Hu et al. [260] at 77-300 K. The Js value of 0.97 T and a Curie temperature of 202 ◦C
for a compound with the Sm8Fe80Mo12 with the ThMn12 crystal structure was discussed by
Mu¨ller [132], who also investigated the addition of Co to this system. Al-addition has not yet
been studied in the literature. The estimated values of the saturation polarization Js = 1.3 T and
an anisotropy constant of K1 = 4.4 MJ/m3 for the compound with the ThMn12 structure in this
RC indicate, that an addition of Al leads to improved intrinsic properties. Detailed studies on Al-
content for this series of compounds would demonstrate the effect of Al on the intrinsic magnetic
properties in future works. Since for the Ce(Fe1−x−yAlxMoy)12 compound the intrinsic properties
could not be estimated due to the misalignment of the grains, the effect of Al addition on the
ternary compounds containing Ce and Sm could not be compared. For SmFe1.1Al0.9 compound
crystallographical studies were performed [261] and the crystal structure was determined to be
of MgZn2 type. This composition however, is differed from the Sm33.5Fe56.3Al10.2 found in this
RC. Therefore, it could not be determined if the measured compound in this RC has the MgZn2
or the MgCu2 crystal structure.
The Sm5(Fe,Al)17 compound was only formed in this RC and not in the other samples presented
in this chapter. In the literature, only a thermal section of the ternary Fe-Al-Sm system at 500
◦C [262], in which this compound with the Nd5Fe17 crystal structure is not present, is available.
Further studies of this compound should be carried out in future works, since this new compound
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has not yet be investigated in the literature. The potential of the (Fe,Al,Mo)12Sm compound as
a magnetic material is investigated in Sec. 7.4.
5.5.3. Systems with nonmagnetic compounds
Fe-Ce-Pd-Sn
No ternary phase diagram was available for the Fe-Ce-Pd system. Only one binary Pd-containing
compound with Th7Fe3 structure was found. Intermetallic compounds with higher Pd-content
were not found due to the low content of Pd present in the sample. The only known ternary
phase with in the Fe-Sn-Ce system is the intermetallic compound with CeNiSi2 structure [263],
which could not be detected in this RC. The amount of Sn in the compound with W5Si3 structure
was higher than it ought to be according to the phase diagram [264]. The compound with Cu3Au
structure [265] had a stoichiometric composition. Further stable compounds were the well known
CeFe2 and Ce2Fe17 phases. The compound with the composition of Fe49.4Ce50.6 does not exist in
the binary phase diagram.
Fe-Ce-Nd-Ge
According to the isothermal section of the ternary phase diagram for the Fe-Ge-Ce system [266]
7 ternary intermetallic phases at 597 ◦C exist. However, none of these phases are detected in
this RC, since due to the amount of additive (20 at% Ge) only the Fe-rich corner of the phase
diagram is covered. The phase with the MgCu2 structure does not exist with Nd, therefore only
a small portion of Nd is detected in this compound (0-6.1 at%). The compound with Ni17Th2
structure, however, exists with both REs and the ratio of the Ce:Nd detected in this sample was
1:1. Furthermore, the two detected quasi binary Ce-Ge-Nd compounds could not be compared
to literature, since no ternary Ce-Ge-Nd phase diagram could be found.
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5.6. Conclusion
In this chapter, the efficiency of the reaction crucible method was demonstrated and many new
magnetic compounds were found and studied regarding their intrinsic magnetic properties. By
using the high-throughput synthesis method with diffusion couples, it was shown that in many
cases just one sample is sufficient to cover the relevant part of the phase diagram (in this case the
Fe-rich part) at a chosen annealing temperature. By using this method, it was possible to cover
the whole homogeneity range in the ternary and binary compounds. As demonstrated in the
Mo-containing sample a gradient of the Mo-content was formed in one grain. Thus, across one
grain, from an area with to an area without domain structure the entire stability range of the
TM in ThMn12 compounds can be observed. For higher component systems the same procedure
holds. Compounds up to 4 elements were studied and phase formation was demonstrated in
investigated diffusion couples. In comparison with other methods such as the co-sputtering
method, the reaction crucible synthesis is an effective way to produce samples with more than
three compounds, as shown for the quaternary and quinary cases. For RE2Fe14B systems with
Nd and a secondary RE-element, the annealing time and temperature was optimized in previous
works by Lu¨dtke and Groß [13, 148](see Sec. 4.2.2). During the course of the thesis different
RE-metals and various additives, some of them with high melting point such as W (3422 ◦C)
were used.
Furthermore, few ternary isothermal sections are available at 1050 ◦C. In addition to this, the
metallographic preparation for further analysis also had to be optimized, due to the presence of
Ce and La in the samples, which are prone to oxidation in the presence of water. The thermody-
namical stability of intermetallic phase formation was shown in this chapter. Furthermore, the
effects of additives on the intrinsic properties of hard magnetic compounds could be evaluated.
The contents of the crucibles were 80 at% RE and 20 at% additive for ternary RC’s and 10% per
additive with RE making up the balance for higher component samples (e.g. 80-10-10 at%) as
used also in previous works. That was the reason why only a small portion of additives such as
Co or Al could be observed in the hard magnetic compounds despite the miscibility of e.g. Fe
and Co in the whole range of 0-100 at% for the binary Fe-Co system. The small amount of Co in
the diffusion couples, the dissolution of Fe in the melt and the chosen annealing time suppressed
the formation of pure Co-based compounds with, e.g., the ThMn12 structure (SmCo11Ti [224]).
The amount of added Co led to an increase of intrinsic properties, and in further studies the
substitution of Co was examined for 0-25 at% in the Fe-Ce-Ti-Co system. For the CeFe11−xCoxW
compound the addition of Co led to a decrease of the intrinsic properties. The efficient analysis
of domain patterns and the estimation of intrinsic properties (as described in Sec. 4.3) provide a
quick method with suitable accuracy to classify potential candidates for magnetic materials.
The main focus for the search for new materials lay on the least studied RE-element Ce. The
problem which arises in case of Ce is the presence of mixed valence of 3.44+ instead of 3+ as
for other RE ions. Partial substitution of Ce by other RE-elements could lead to shift from
Ce4+ towards the favorable Ce3+ (2.69). The addition of RE-metals such as La which form the
NaZn13 crystal structure (an overview is given in [5]) to the ones which show uniaxial behavior
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in ThMn12 compounds (Ce,Sm) led to decrease of the domain contrast in few grains found in the
RC with the ThMn12 structure. Al also stabilizes the ThMn12 compound as shown in Fig. 3.3.
However, like Mn for REFe12−xTMx a higher amount of both Al and Mn would be necessary to
stabilize the structure in pure ternary compounds. In the samples discussed above, Al tends to
replace only a few atomic percent of Fe and did not act as a stabilizing element for the ThMn12
structure in these systems. The effect of Al was not yet studied in detail in the literature,
but was done in this thesis for both the Fe-Sm-Mo and Fe-Ce-Mo systems. The coercivities of
this compound are studied in Sec. 7.4 for mechanically alloyed samples. The reaction crucible
method could, of course, be used for investigation of nonmagnetic compounds. As shown in
the case of additives such as Ge and Sn, no hard magnetic compounds were found. In the case
of 2:14:1 compounds, the addition of Sm led to the formation of the easy-plane magnetization
of (Nd,Sm)2Fe14B compound with a ratio of Nd:Sm of ∼ 5:6. The easy-plane magnetization
behavior for this ratio is in accordance with literature data.
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5.7. Summary and Outlook
The method of domain pattern analysis and the determination of the intrinsic magnetic properties
were investigated and further developed at Aalen University and used in this thesis [154, 155,
14, 122]. The approximately linear relationship between the domain contrast and the saturation
polarization was verified at Aalen University with known systems and used to evaluate new
compounds for both Co and Fe containing samples. The correlation of the first anisotropy
constant and the domain width for closure type domains under certain conditions (see Sec. 4.3.2)
was also verified. The main goal of this thesis was to find new hard magnetic materials with
reduced RE-content or more abundant RE-metals. Because of La and Ce being the most abundant
RE-elements in the Earth’s crust, more than 250 diffusion couples were studied. During the
studies for the (REaREb)2Fe14B systems no hint for a deviation from the rule of mixture was
found, which is in accordance with literature values and detailed studies in the following chapter.
As for pure La-containing samples no new magnetic compounds could be found. Only selected
Ce-containing samples are presented in the result section for the ThMn12 structure. It could be
demonstrated that the method of high-throughput synthesis is suitable for higher component
samples as shown for nonmagnetic compounds. In this case, as well, a wide area of the phase
diagram can be covered using one sample. The idea to use La to shift the Ce4+ valency towards
Ce3+ as investigated by Jin et al. [4] for the Nd2Fe14B type compounds did not result in a success.
In the Fe-Ce-La-W RC a compound with typical ThMn12 composition and very weak domain
contrast was detected. The study of this compound in the whole range and the investigation of
the magnetic properties, crystal structure are subject to future projects. In compounds with
the Nd3(Fe,Ti)29 structure two different crystallographical sites with the sign of the leading
crystal-field coefficient A20 < 0 for the 4e site (2:17 type lattice) and A20 > 0 for the 2a site (1:12
type lattice) [131] exist. Two RE-elements with different αJ at the desirable crystallographical
site could lead to an enhancement of the anisotropy constant. For ThMn12 with only one
crystallographic site (2a) the usage of RE-elements with opposite Stevens factors would lead
to a decline of the first anisotropy constant (or as demonstrated in this chapter the case of
La-addition, a RE-element without a Stevens factor). In mischmetal systems presented here the
only promising compound with ThMn12 structure was Ce1−ySmyFe11W which is studied further
in Chap. 7. The addition of Co led to an increase of intrinsic properties in the CeFe11−xCoxTi
compound. A detailed study of the influence of Co on the intrinsic properties of this series of
samples is performed in Chap 7.
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6.1. Introduction
Since the discovery of the Nd-Fe-B magnets, a lot of research has been done in this field. However,
some compounds have still not been thoroughly investigated regarding their intrinsic and extrinsic
properties. The focus of this chapter is on the series (Nd1−xYx)2Fe14B and its potential as a
magnetic material. Better temperature stability of the Y2Fe14B alloy is the reason why this
compound is an interesting research topic. Though the RE2Fe14B compounds with Nd, Pr, Dy
were examined in depth, the addition of Y has not yet been studied to such an extent. The
substitution of Nd by Y in the system (Nd1−xYx)2Fe14B and the concentration dependence of TC
were analyzed by Leccabue et al. [267]. They found a linear relationship between the two values
of TC = 275 ◦C for the pure ternary Y-system and 310 ◦C for the pure ternary Nd-system. In the
RE-rich system (Nd1−xYx)15Fe77B8 a concentration-dependent falling of TC is observed, which
is, however, nonlinear as in the case of the pure stoichiometric compound [7]. The theoretical
density functional theory (DFT) calculations [65] demonstrated the validity of the rule of mixture
for the Curie temperature in the (Nd1−xCex)2Fe14B system. Both theory and experiment showed
a linear decrease with increasing Ce content. The temperature dependence of the anisotropy
constant K1 is examined in monocrystalline RE2Fe14B [205]. The question arises whether the
intrinsic magnetic properties of (REa-REb)2Fe14B obey the rule of mixture or any deviations
can be detected. The coercivities for bonded Nd2Fe14B magnets are between 600 kA/m and
1400 kA/m [268] and ∼ 183 kA/m for Y2Fe14B [269] compound at room temperature. The
concentration dependence of the coercivity in the series of (Nd1−xYx)2Fe14B, however, has not
yet been investigated in the literature. In this chapter, the intrinsic properties Js and K1 of the
(Nd1−xYx)2Fe14B series were investigated using arc melting samples. The intrinsic properties
were determined by means of domain pattern analysis in Sec. 6.2. The coercivity was studied
using mechanically alloyed samples at RT Sec. 6.3.
6.2. Arc melting samples
The compound (Nd0.17Y0.83)2Fe14B was detected in the RC. The ratio of 5:1 for Y:Nd is the
thermodynamically favorable one for the given annealing parameters (for 15 h at 1050 ◦C).
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To study the series of (Y1−xNdx)2Fe14B, within the range of x = 0 - 1, six samples were
produced by arc melting and annealed for 10 d at 1050 ◦C in a quartz tube filled with argon for
homogenization [154] (see Fig. 6.2). The as-cast samples were inhomogeneous and contained pure
α-Fe in addition to the hard magnetic Φ-phase. Annealing for 10 d led to a full homogenization
of the sample as shown in Fig. 6.1.
(a) As-cast sample. In addition to the hard magnetic
phase, pure α-Fe is present.
(b) Fully homogenized sample after annealing for 10 d
at 1050 ◦C.
Figure 6.1.: MOKE images of the nonhomogeneous as-cast arc melted Y1.7Nd0.3Fe14B sample
and annealed for 10 d at 1050 ◦C.
(a) Y2Fe14B (b) Y1.7Nd0.3Fe14B (c) Y1.0Nd1.0Fe14B (d) Y0.3Nd1.7Fe14B (e) Nd2Fe14B
Figure 6.2.: MOKE images of the homogenized arc melted samples of the (Nd1−xYx)2Fe14B
series [154].
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6.2.1. Intrinsic magnetic parameters
The intrinsic magnetic parameters of these series were estimated by domain pattern analysis [154].
The saturation polarization values for both pure phases of Nd2Fe14B and Y2Fe14B were in
accordance with the literature values within the error tolerances (see Sec. 4.3). The saturation
polarization, as well as the anisotropy constant values for compounds containing both RE-metals,
showed a linear dependence upon substitution (see Fig. 6.3). The anisotropy constants for the
Nd-rich compounds lay on the line, which was in accordance with the rule of mixture. However,
the Y2Fe14B and Y1.7Nd0.3Fe14B compounds showed a higher value than expected according to
the rule of mixture.
(a) Linear relation between saturation polarization Js
and domain contrast K256 as a function of x in the
(Nd1−xYx)2Fe14B series (0 ≤ x ≤ 1).
(b) Anisotropy constant estimated by domain width.
Figure 6.3.: Intrinsic magnetic properties of series (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1) obtained by
domain pattern analysis [154]. Both values were in good accordance with the rule of
mixture, despite the fact that the values of K1 for the Y-rich compounds deviated
from the linear behavior. This is due to the fineness of the closure type domain (see
Fig. 6.2).
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6.3. Mechanically alloyed samples
Mechanically alloyed samples of the Nd2Fe14B compound were investigated in detail by Schultz
and Wecker [270, 163, 162]. It was recommended that all used powders should possess roughly
the same grain size. Grain sizes between 5 µm and 1 mm and especially grains between 20 µm
and 0.5 mm are favorable. A steel container and balls were used in their experiment. An overview
of the development of bonded Fe-Nd-B magnets is given by Ma et al. [268]. For these commercial
magnets, coercivities of Hcj = 600-1400 kA/m were obtained. The highest coercivities of 3.8 kOe
and 5.2 kOe were measured by Miao et al. [271] for the Nd10Fe84B6 mechanically alloyed samples
at 650 ◦C for 30 min and 750 ◦C for 30 min for their mechanically milled samples respectively.
McCormick et al. [272] produced amorphous alloys out of a pre-alloy of Nd2Fe14B. The fraction
of the amorphous phase increased linearly until 10 h of milling and remained constant until 40 h
of milling. A fraction of α-Fe was formed beginning at 12 h and reached a maximal fraction-rate
of 0.2. A small fraction of Nd2Fe14B remained after 80 h of milling. Since all the following
parameters Mr, Mr/Ms, and Hcj are dependent upon grain size, their values decrease with
increasing grain size [272]. The average grain size of mechanically alloyed and heat treated
samples was found to be approximately 20 nm. These experiments validated that a comparable
microstructure can be obtained for mechanically alloyed (MA) and mechanically milled (MM)
samples. This fact was also confirmed by Alonso et al. [273] and Daniel et al. [274], who used a
Fe-Nd pre-alloy with B and Fe powder and in a second experiment a ternary Fe-Nd-B master
alloy with an additional amount of Fe-powder. The filling factor f describes the relation of
powder to epoxy resin. This factor has a quadratic effect on remanence, but almost no impact
on the coercivity. Since the aim of this thesis was to manufacture a suitable microstructure and
to obtain a coercivity for the new magnetic materials, the fill factor does not play a crucial role
but is kept as small as possible in the produced samples.
6.3.1. Process development
The experimental set-up for mechanical alloying used in this work is described in Sec. 4.5. The
effect of various rotational speeds on the homogenization process and magnetic properties were
examined. In these series of experiments RE-swarf and a pre-alloy of Fe:B with 80:20 wt%
were used as a fine powder. The first experiments were performed with Fe-powder of grain
size 400µm . With the above milling parameters, Fe was not fully alloyed. The composition
of the alloyed area was determined by SEM as shown in Fig. 6.4. For further experiments in
this and the following chapter Fe (74µm -150µm) or carbonyl-Fe was used, and the same results
were obtained in both cases for RE2Fe14B compounds. To compare the behavior of MA and
MM samples the following experiment was performed. One sample of pre-alloyed RE-rich arc
melted Fe-Nd-B alloy was crushed in a ball mill and subsequently further milled in the planetary
ball mill. For the second sample, elemental Fe and Fe-B pre-alloy with Nd swarf and the same
composition were mechanically alloyed under the same conditions (see Fig. 6.5 and 6.6). The
annealing was performed for 60 and 30 min. The milling parameters remained the same as for
the mechanically alloyed samples (4 h at 500 rpm). Two annealing temperatures were chosen
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Figure 6.4.: SEM images of the nonhomogeneous Nd-Fe-B alloy. For this sample Nd-swarf, Fe-B
pre-alloy and Fe powder of 400µm were used. The grain size of the Fe-powder was
not suitable for mechanical alloying with the present experimental setting.
for heat treatment, 600 ◦C for 1 h and 700 ◦C for 30 min as performed by Schultz (chapter 12
in [22]) (see appendix A.5). Coercivities of respectively 1289 and 1207 kA/m were obtained
for these samples, which is in accordance with values found by Schultz et al. [163] (the inter
diffusion process of B into Fe-Nd powder takes only 4 min at 600 ◦C). In the following, the
J(H) demagnetization curves of the samples are displayed. The respective annealing times and
annealing temperatures are mentioned in the upper left corner of the images.
(a) SEM image of MM sample. (b) SEM image of MM sample.
Figure 6.5.: Arc melted and homogenized sample of Nd2Fe14B crushed and mechanically milled.
An entirely homogeneous powder is obtained.
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(a) SEM images of the mechanically milled Fe-Nd-B samples at 500 rpm for 4 h using Fe-powder with Fe =
74-150 µm.
(b) Obtained coercivities HcJ at RT for MA and MM RE-rich Fe-Nd-B compound. The annealing times
and temperatures are displayed in upper left corner.
Figure 6.6.: SEM images and hysteresis loops (second quadrant) of the mechanically alloyed (MA)
and mechanically milled (MM) Fe-Nd-B alloy with the composition Nd18.8Fe75.2B6
to analyze the magnetization at room temperature.
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6.3.2. Coercivity studies of the (Nd1−xYx)2Fe14B series
As demonstrated by Schultz et al. in [22], the highest coercivity for the Nd15Fe77B8 compound
was achieved at 700 ◦C after 10 min of annealing (see Fig. A.5). In later work, they reported
that the optimum annealing parameters for the Nd2Fe14B compound were at 700 ◦C for 15-30
min [163]. Furthermore, they stated that in the series of compounds (Nd1−xDyx)15Fe77B8 the
systems with higher Dy content needed treatment at elevated temperatures. It was assumed
that for the Y-containing samples a different heat treatment is required. Therefore, annealing
parameters of 600, 650, 700, and 750 ◦C for respectively 45, 30, 20, and 15 min were chosen for
the (Nd1−xYx)2Fe14B series. The grain size of the Φ-phase has been reported to be ∼ 20 nm
after a suitable annealing [272]. The same annealing parameters as for Y-containing samples were
chosen for the ternary Nd2Fe14B sample as reference. In Fig. 6.7 and Fig. 6.8 the as milled XRD
(a) The XRD pattern of the as milled Nd-rich Nd-Fe-B compound.
(b) 2Θ for detected compounds.
Figure 6.7.: XRD patterns of the as-cast Nd2Fe14B (RE-rich). A broadened Fe-peak was detected.
patterns of Nd2Fe14B (with the composition of Nd18.8Fe75.2B6), and Nd1.77Y0.34Fe14B samples
for different milling speeds and compositions are presented. In all samples, a broadened α-Fe
peak was still present after milling. The increased milling time and speed did not lead to the
vanishing of the α-Fe peak and complete amorphization in any of the samples. Furthermore, the
increase of the rotational speed and milling time increases the probability of contamination with
WC.
These results are in accordance with studies in the literature. EDS-results show that besides
the hard magnetic Nd2Fe14B phase, Fe17Nd2 and pure Fe were detected in the sample. Most
of the grains, however, were the pure Nd2Fe14B phase. Annealing parameters adopted for the
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(a) The XRD patterns of as milled Nd0.34Y1.66Fe14B sample.
(b) 2Θ of the possible detectable phases.
Figure 6.8.: XRD patterns of the as-cast MM and MA samples of the Nd0.34Y1.66Fe14B compound
and the annealed MA sample at 750 ◦C for 15 min. In the as-cast MA sample,
pure α-Fe and Y were detected. The arc melted sample shows a broadened Fe-peak
and after annealing only α-Fe and the binary Fe2Y compound were formed. No
diffraction patterns of the ternary compound with Nd2Fe14B structure are present.
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Figure 6.9.: Maximum achieved coercivity for the (Nd1−xYx)2Fe14B series (0 ≤ x ≤ 2) at 750 ◦C
for 15 min.
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(Nd1−xYx)2Fe14B series are displayed in Fig. 6.13. The highest value for the coercivity of the
Nd1.66Y0.34Fe14B compound was achieved at 700 ◦C for 30 min and lay at 0.31 T (∼ 247 kA/m)
(see Fig. 6.10). With higher Y-content as for the ratio of Y:Nd of 1:1 (see Fig. 6.11a) and for
the pure Y-system (see Fig. 6.11b), the maximum value appeared at 750 ◦C and 15 min. A
maximum coercivity 0.17 T (∼ 135 kA/m) was measured at RT for the annealing parameters of
15 min at 750 ◦C. The obtained coercivity values for the (Nd1−xYx)2Fe14B series with a Nd:Y
ratio of 1:0, 5:1 and 1:1 are listed in Table 6.1, 6.2, and 6.3 (see also Fig. 6.9).
Phase Hcj [kA/m] Temp. [◦C] time [min]
Nd2Fe14B 318 600 45
Nd2Fe14B 317 650 30
Nd2Fe14B 327 700 20
Nd2Fe14B 334 750 15
Table 6.1.: Coercivity of pure ternary Nd2Fe14B compound at different annealing times.
A mechanically milled sample was produced as a reference for the Nd0.34Y1.66Fe14B compound.
This arc-melted sample was crushed in a ball-mill prior to mechanical milling.
Phase Hcj [kA/m] Temp. [◦C] time[min]
Nd1.66Y0.34Fe14B 153 600 45
Nd1.66Y0.34Fe14B 6.14 650 30
Nd1.66Y0.34Fe14B 247 700 20
Nd1.66Y0.34Fe14B 231 750 15
Table 6.2.: Coercivities of the Nd1.66Y0.34Fe14B compound at different annealing times.
Phase Hcj [kA/m] Temp. [◦C] time[min]
Nd1Y1Fe14B 58.6 600 60
Nd1Y1Fe14B 83.9 650 45
Nd1Y1Fe14B 101 700 30
Nd1Y1Fe14B 102 700 20
Nd1Y1Fe14B 110 750 15
Table 6.3.: Coercivities of the Nd1Y1Fe14B at different annealing times.
In Fig. 6.8, the XRD patterns from the as milled and annealed at 750 ◦C of this sample are
presented. Very low coercivity was measured for this composition due to inhomogeneity of the
mechanically alloyed powder (see Fig. 6.12). Therefore, the results for this sample could not be
considered in further analysis and discussion.
The maximum achieved coercivity (Nd1−xYx)2Fe14B series (Nd1−xYx)2Fe14B series annealed at
750 ◦C for 15 min is displayed in Fig. 6.9.
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(a) Coervicities HcJ of the Nd2Fe14B compound annealed at temperatures between 600-750 ◦C.
(b) Coervicities HcJ of the Nd1.66Y0.34Fe14B compound annealed at temperatures between 600-750 ◦C.
Figure 6.10.: Hysteresis loops (second quadrant) of the Nd2Fe14B and Nd1.66Y0.34Fe14B com-
pounds alloyed at 500 rpm for 4 h to analyze the magnetization at room temperature.
The respective annealing times and annealing temperatures are mentioned in the
upper left corner of the images.
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(a) Coervicities HcJ of the Nd1Y1Fe14B compound alloyed at 500 rpm for 4 h and annealed at different
temperatures.
(b) Coercivities HcJ of the Y2Fe14B compound alloyed at 500 rpm for 4 h and annealed at different
temperatures.
Figure 6.11.: Hysteresis loops (second quadrant) of the Y2Fe14B and Nd1Y1Fe14B compounds to
analyze the magnetization at room temperature . The respective annealing times
and annealing temperatures are mentioned in the upper left corner of the images.
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(a) SEM image. (b) SEM image.
(c) Coercivities HcJ of the Nd0.34Y1.66Fe14B alloyed at 500 rpm for 4 h and annealed at different temperatures.
The respective annealing times and annealing temperatures are mentioned in the upper left corner of the images.
Figure 6.12.: SEM images and hysteresis loops (second quadrant) for the Nd0.34Y1.66Fe14B
compound to analyze the magnetization at room temperature. The alloy is highly
inhomogeneous. The low measured coercivities are due to the nonhomogeneous
microstructure of the sample.
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Figure 6.13.: Annealing temperature and the maximal obtained coercivity for the Fe-Nd-Y-B
samples treated for following annealing times: 600 ◦C for 1 h, 650 ◦C for 45 min,
700 ◦C for 30 min, and 750 ◦C for 15 min.
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6.4. Discussion
6.4.1. Arc melting samples of the (Nd1−xYx)2Fe14B series
Alam et al. [65] investigated the valency and the RE-sites in (RE-Ce)2Fe14B magnets. The density
functional calculations (DFT) predict that the Curie temperature obeys the rule of mixture in the
(Nd1−xCex)2Fe14B series. Furthermore, they predicted that Ce preferably occupies the larger 4g
site while Nd occupies the 4f site. In the (Nd1−xPrx)2Fe14B system, the concentration dependence
of K1 and K2 showed a nonlinear trend at 1.5 K [201]. The magnetization curves were also
measured from 1.5 to 273 K. The results showed a deviation of the easy magnetization direction at
1.5 K. No results were found regarding the concentration dependence of the anisotropy constants
at RT. In all Nd-containing samples, a first order magnetization process (FOMP) was observed.
The partial substitution of Y and Nd in the RE2Fe14B system and the site preference were studied
by Abache et al. [204]. It was found that both RE metals tend to show no preference for the
occupation of either crystallographical site and the places are filled by each RE with a statistical
equivalence of 50%. The rule of mixture for TC could be shown in their experiment. The linear
nature of the concentration dependence of TC for this series of compounds was experimentally
approved by Leccabue et al. [267]. They studied the series of compounds (Nd1−xYx)2Fe14B
for x = 0, 0.2, 0.4, 0.6, 1.0 by means of arc melting samples annealed for 5 d at 1150 ◦C. The
Curie temperature shows a linear relationship in this series. As shown by means of domain
pattern analysis at RT in this work the first anisotropy constant and the saturation polarization
at RT obey the rule of mixture for the (Nd1−xYx)2Fe14B series. The linear dependence of the
saturation polarization Js is in accordance with the results of Bolzoni et al. [275]. The K1 value
is 1.61 MJ/m3 for the composition of Y1.2Nd0.8Fe14B at RT. The anisotropy field HA shows a
linear increase with higher Nd content. The K1 value was calculated from the domain width of
the closure type domains. In case of the Y2Fe14B and (Nd0.17Y0.83)2Fe14B samples the fineness of
the domain structure impeded the exact calculation of the mean domain width. These deviations
led to higher domain widths resulting in higher anisotropy constants. In spite of the deviations
of K1 values for Y-rich compounds, both Js and K1 were in good accordance with the rule of
mixture within the error tolerances (see Table 6.4).
Compound K1 [MJ/m3] Js [T]
Nd2Fe14B 4.4 1.63
Nd1.66Y0.34Fe14B 3.5 1.6
Nd1Y1Fe14B 2.9 1.50
Nd0.34Y1.66Fe14B 2.6 1.45
Y2Fe14B 1.8 1.38
Table 6.4.: Intrinsic properties of the (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1) series obtained by domain
pattern analysis [154].
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6.4.2. Mechanically alloyed (Nd1−xYx)2Fe14B samples
Experimental realization of Y-containing samples was mainly challenging due to the ductility
of Y. As shown in SEM and XRD analysis, the sample with the composition of Nd0.34Y1.66Fe14B at
550 rpm for 8 h shows nonhomogeneous areas with different compositions of α-Fe, Fe79.6Nd10.4Y10.0,
and Fe67.8Y32.2 phases. At higher rotational speeds (700 rpm and 1000 rpm) it was not possible
to separate the alloy from the grinding vessel. The cleaning of the grinding vessel was, therefore,
only possible outside the glovebox using various fluids which led to oxidation of the powder.
Mechanically milled (MM) samples caused the same challenges. With the spendable methods,
it was not possible to obtain sufficient amount of material for a thorough series of analysis.
Thus only two samples could be produced and examined for the Y2Fe14B compound. For the
composition of Nd0.34Y1.66Fe14B, no homogeneous samples could be produced. A very low
coercivity was obtained for this series of compounds (see Fig. 6.12). The coercivity of pure resin
bonded Y2Fe14B magnets was measured by Feng et al. [269] to be 0.23 T (∼ 183 kA/m) at RT,
which was lower than the results measured in this thesis.
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6.4.3. Coercivity mechanism
The anisotropy constant can be determined by the Sucksmith-Thompson method for monocrystals
or sintered magnets as performed by Zeppelin and used in [52]. For exact specification of K1 by
the Sucksmith-Thompson method
χ =
J2s
2K1
(6.1)
or as described by Zeppelin
χ =
J2s
2K1
(1− 16δθ
2
0) (6.2)
with δθ20 the standard deviation of a Gaussian distribution of grain orientations can be used.
So far, there are no data available for sintered magnets of the (Nd1−xYx)2Fe14B (0 ≤ x ≤ 1)
series. However, these values can be estimated for the whole series using the rule of mixture.
Besides, the coercivities obtained for Y-containing samples were, as discussed above, not sufficient
to perform a temperature-dependent measurement of coercivity. The intrinsic properties of the
(Nd1−xYx)2Fe14B series were estimated by domain pattern analysis. Site preference for both
Nd and Y in this series are statically equivalent for 4g and 4f sites as discussed by Bolzoni et
al. [275]. Furthermore, they conclude that the main contribution in this series arises from the
Nd single ion anisotropy. The anisotropy field studies by Sun et al. [7] using the SPD (Singular
Point Detection) technique show that the slope of HA changes with higher Y-content. The
gradient of the decreasing temperature-dependent measurements of HA in the range of 80-300 K
is lower for higher Y content in (Nd1−xYx)15Fe77B8. In the pure Y-containing compound, the
anisotropy arises solely from the Fe-sublattice contribution. To obtain the pure Nd-contribution,
the following relation is used:
∆HA = HA((Nd1−x′Yx′)15Fe77B8)−HA(Y15Fe77B8) (6.3)
The results shown in Fig. 6.14 ∆HA exhibit a nonlinear relationship for all measured temperatures.
Plotting the diagram with 1/x and H−1A illustrates, furthermore, a linear relation and validates
the single ion model for the Nd-sublattice (see Fig. 6.15).
The anisotropy field HA of all (Nd1−xREx)2Fe14B compounds decreases with RE-substitution
in all samples with (RE = Y, Ce, Gd, Tb, Ho, Er), except for Tb [276]. To determine the
microstructure parameters from the temperature dependence of the coercivity Hcj values of >
0.5 T (∼ 398 kA/m) are necessary. The composition dependence of coercivity also demonstrated
a nonlinear trend and is in the range of ∼100 kA/m up to a relation of 1:1 for Nd:Y. These
values are obtained for the annealing temperature of 750 ◦C. The studies of the optimization of
annealing parameters for each compound and a thorough investigation of the microstructure and
the microstructure parameters are left to further work. According to the obtained results of the
coercivities for this series, only the Nd-rich compounds are of practical interest. The temperature
dependence investigations of the samples with x ≥ 0.5 in the series of (Nd1−xYx)2Fe14B is
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Figure 6.14.: Anisotropy field of the (Nd1−xYx)15Fe77B8 compound for various temperatures [7].
suggested for further investigations. The Y-rich compounds are solely interesting for (low
coercivity) high-temperature applications provided the slope of the coercivity decline is low.
Goll et al. [277, 30] investigated nanocrystalline exchange coupled Pr2Fe14B magnets with a
mean grain size of ∼ 20 nm. The minimum nucleation field HminN for this compound is given by
Eq. (2.46) and Eq. (2.47). For K2  K1 the Eq. (2.46) can be written by
HminN '
K1 +K2
Js
(6.4)
which for very low values of K2 evolves to HminN = K1/Js. Higher values of Neff result from
the enhanced local stray field at the edges and corners of the grains (see Sec. 2.7.1). The
microstructure parameter α, which describes the reduction of the nucleation field HA and can be
obtained from the slope of the temperature-dependent measurement of the coercivity should be
determined for the series of compounds. For the pure stoichiometric Pr2Fe14B compound the
Neff value yields 0.09 and the microstructure parameters αKαex yield a value of 0.32.
Under the assumption that the nucleation model is valid, the experimentally obtained data of
µ0Hc/Js as a function of µ0HminN /Js would result in a straight line with the slope αexαK and
an ordinate interception of (Neff) if the microstructural parameters are temperature independent.
Lower values of Neff indicate that the grain shapes are spherical and therefore the stray fields
at the edges and corners are reduced. Since in this chapter only stoichiometric compounds
were produced, the microstructure parameters αexαK could be separated as in the case of
Pr2Fe14B since the αK-value can be determined with a value of 0.8 for the decoupled Pr-based
magnets [278, 30]. The αK-value for the Y-containing compounds has yet to be determined in
further experiments.
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Figure 6.15.: Linear variation of ∆H−1A versus 1/x in (Nd1−xYx)15Fe77B8 compound for various
temperatures demonstrates the validity of the single-ion model [7].
Nd2Fe14B magnets are nucleation hardened magnets. However, no data was found concerning
the pure Y2Fe14B magnets. The microstructure of the (Nd1−xYx)2Fe14B series could not be
investigated during the course of the thesis due to challenges regarding the synthesis of the alloys.
Further optimization of the MA method is necessary to obtain fully homogeneous alloys. Consid-
ering the present results by mechanical alloying and the challenges that arose during processing,
melt spinning would be the more suitable method for the production of these compounds. As
discussed in detail in the next chapter, mechanical alloying is the most favorable method to
produce Sm-containing samples.
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6.5. Conclusion and outlook
Many publications concerning the substitution of Nd by Ce and La in (Nd1−xREx)2Fe14B magnets
have appeared in recent years [4, 192]. In this chapter, the validity of the rule of mixture was
confirmed for both K1 and Js values at room temperature for the (Nd1−xYx)2Fe14B series in
arc melting samples. The TC of the series (Nd1−xYx)2Fe14B was investigated by Sun et al. [7],
which does not show a linear concentration dependence.
The potential of the Y-containing compounds as a magnetic material was investigated in this
chapter at room temperature. The substitution of Y and the temperature stability of these series
have yet to be studied in depth, such as in the (Nd,Pr)2Fe14B magnets. However, due to the
challenges during the process of mechanical alloying of the samples and the low values obtained
for the coercivity, it was not possible to perform a comprehensive study of the microstructure
parameters for this series of compounds. The obtained results of the coercivity showed a nonlinear
relationship dependent upon the Nd-content. One of the main reasons is the contribution the
anisotropy arises from Nd-ion [7]. The temperature dependence of the intrinsic properties at
elevated temperatures of this series as well as a comprehensive study of the microstructure and
grain size is a suggested topic for future works.
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7. Magnetic Materials with the
ThMn12 crystal structure
7.1. Introduction
The most thoroughly investigated compounds with the ThMn12 structure are the SmFe12−xTix
and SmFe12−xVx compounds. Few research has been done on Ce-containing samples as well as
W-containing compounds in the REFe12−xTMx series [22, 105]. The most promising compounds
with the ThMn12 structure discussed in Chap. 5 are investigated in detail in this chapter. It is
well known that the substitution of Fe by Co in the Fe-based magnetic materials may enhance
the Curie temperature. For the series of compounds Ce(Fe1−xCox)11Ti with 0 ≤ x ≤ 3.25 the
intrinsic properties in the whole temperature range were investigated in Sec. 7.2.
The intrinsic magnetic properties of the new CeFe11W compound were studied via domain
pattern analysis and magnetometry in Sec. 7.3.1. In the RE1−xCexFe11W series (0 ≤ x ≤ 1), the
RE = Sm compound is the most promising sample as permanent magnetic material. The pure
ternary compound without Sm was produced by arc melting and the intrinsic properties were
analyzed in the whole temperature range. The potential of this series as permanent magnetic
material and the coercivity at room temperature was examined utilizing mechanical alloying
in Sec. 7.3.2. The addition of Al to the Sm(Fe1−xMox)12 system has not been studied in the
literature. In Sec. 7.4 the ternary and the quaternary compound with varying Sm-content is
investigated. The question if the large coercivities measured in the Fe-Sm-Ti series also occur in
the Mo-containing compounds is investigated. In Sec. 7.5, the obtained results are discussed.
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7.2. The intrinsic properties of the Ce(Fe1−xCox)11Ti series
In this section, the temperature dependence of intrinsic properties in the new hard magnetic series
of the CeFe11−xCoxTi compound with the ThMn12 structure is investigated [122]. As shown in
Sec. 5.3.1 both magnetic compounds with the ThMn12 and the Nd3(Fe,Ti)29 structure contained
up to 2.5 at% Co in the RC (see Sec. 5.5.2). The hard magnetic compound with the ThMn12
structure is an interesting research topic due to the high estimated saturation polarization value
of Js = 1.1 T and an anisotropy constant of K1 = 2.0 MJ/m3 by means of Kerr microscopy. In
this section, the substitution of Fe by Co is studied in detail by means of arc melting samples
and the results were published in [122, 279].
Figure 7.1.: MOKE images of the CeFe11−xCoxTi compounds [122]. The domain contrast K256
rises with increasing Co-content. For a Co-content larger than 20 at%, the contrast
decreases.
7.2.1. Arc melting samples of the Ce(Fe1−xCox)11Ti series
To study the influence of Co on the intrinsic properties of the CeFe11−xCoxTi series with 0 ≤ x ≤
3.25, which equals a Fe-substitution by Co of 0 - 25 at%, a series of samples were produced by arc
melting. According to the binary phase diagram, Fe and Co are mixable in the whole range. Six
arc melting samples were produced, and the as-cast specimen were wrapped in Ta foils and sealed
in quartz tubes in Ar atmosphere. The annealing temperature of 1050 ◦C for 10 d was sufficient for
a homogenization of the samples. Residual phases of (Fe,Co)2Ti and (Fe,Co)2Ce were estimated
to be less than 3 vol%. The domain pattern analysis of the compounds was performed on fully
developed closure type domains (see Fig. 7.1). The domain contrast K256 (ranging from 20 to
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29) and domain width Ds (ranging from 0.54-0.63 µm) showed a peak at a Co-content of 10 and
15 at% respectively and then declined (see Fig.7.2a). The temperature dependent magnetometry
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(a) K1 and Js of CeFe11−xCoxTi (x = 0 to 3.25) at
RT.
(b) Concentration dependence of TC for
CeFe11−xCoxTi (x = 0 to 3.25).
Figure 7.2.: Concentration dependence of the intrinsic magnetic properties Js and K1 obtained
by magnetometry (red) and estimated by domain pattern analysis (blue and black).
The Curie temperature for varying Co-content was obtained by Kink point measure-
ment [122] and shows a linear increase with rising Co-content.
measurements (PPMS-9T Quantum Design) were performed to determine the behavior of Js
and K1. The Curie temperature was determined by Kink-point measurement (see Fig. 7.2b).
The saturation polarization decreased monotonously with increasing temperature. The uniaxial
behavior is known in the whole temperature range for the CeFe11Ti [219] and the CeCo11Ti [226]
compound. Therefore, it is expected that the same behavior for the CeFe11−xCoxTi series will
be obtained. The obtained saturation polarization data was used to plot the first anisotropy
constant according to the relation K1(T ) ∼ Js(T )3 (see Fig. 7.3). A linear increase of the Curie
temperature with increasing Co-content was observed in the studied range (see Fig. 7.2b). The
crystallographical structure analysis of the samples was performed by X-ray diffraction (GE
Seifert XRD 3003, Co Kα radiation). Analyses were performed in Bragg-Brentano geometry
covering values from 30◦ to 130◦ 2θ with counting times of 500 s per step (step size 0.013) (see
Fig. 7.4). The lattice parameters were estimated under the assumption that Co and Fe atoms
have no site preference. The X-ray diffraction patterns of all compounds are displayed in Fig. 7.4.
For rising Co-content the reflex positions were shifted to higher 2θ values, which indicates a
decline of the lattice parameters a and c. As a consequence of the decreasing lattice parameters,
a lattice contraction of up to 1% was obtained.
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(a) Temperature dependence of Js of CeFe11−xCoxTi (x = 0 to 3.25)
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(b) Temperature dependence of K1 of CeFe11−xCoxTi (x = 0 to 3.25) using the
relation K1(T) ∼ Js (T)3.
Figure 7.3.: Temperature dependence of the intrinsic magnetic properties Js and K1 for the
CeFe11−xCoxTi series.
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Figure 7.4.: XRD patterns of the CeFe1−xCoxTi series with a Co-content of 0-25 at%. For all
Co contents investigated, the diffractograms are characterized by the same reflexes
determined by the tetragonal ThMn12 structure (space group I4/mmm).
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7.3. Ce1−xSmxFe11W compound (0 ≤ x ≤ 1)
The new hard magnetic compound CeFe11W with the ThMn12 structure was detected and studied
using the high-throughput method and reviewed in Sec. 5.3.2. The estimated intrinsic properties
for this compound were Js = 1.0 T and K1 = 1.6 MJ/m3. The magnetic compound with the
Nd3(Fe,Ti)29 structure with the estimated intrinsic properties of Js = 0.5 T and K1 = 0.4 MJ/m3
was also detected in the Fe-W-Ce RC (see Sec. 5.3.2). For detailed studies on crystal structure
and the temperature dependent intrinsic properties Js, K1 and TC , arc melting samples were
produced and studied. The production of nanocrystalline magnets by mechanical alloying was
performed for this compound. As discussed in Sec. 5.3 the addition of Sm to the ternary CeFe11W
compound showed improved intrinsic properties and, therefore, the series Ce1−xSmxFe11W (0 ≤
x ≤ 1) was studied by means of mechanical alloying.
(a) MOKE image of the homogenized CeFe11W sample. (b) MOKE image of the homogenized CeFe11W sample.
(c) MOKE image of the homogenized Ce3(Fe,W)29 sample.
Figure 7.5.: MOKE images of arc melting samples of the CeFe11W and Ce3(Fe,W)29 compounds.
α-Fe was detected as a residual phase (amount less than 4 vol%).
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7.3.1. Arc melting samples: CeFe11Wx
To study the intrinsic magnetic properties of the CeFe11W compound with the ThMn12 structure,
multiple stoichiometric arc melting samples were fabricated. Two series of arc melting samples
were produced for the magnetometry measurements. The first series with a composition of
Ce8Fe84W8 were annealed at 1050 ◦C for 7 d. For these samples, a saturation polarization of Js =
1.03 T and a Curie temperature of TC = 180 ◦C were obtained by magnetometry measurements.
The Curie temperature of the compound was obtained by the Kink-point approach and the J-H
measurement to saturation was used. The second series with the pure stoichiometric composition
of Ce7.7Fe84.6W7.7 was annealed for 10 d at 1100 ◦C for homogenization. The fractions of residual
phases of Fe2W and Fe96W4 were estimated by quantitative image analysis to be less than 4 vol%.
The magnetometry measurements by (PPMS-9T Quantum Design) yielded a value of Js = 1.08 T
for saturation polarization and TC = 173 ◦C (see Fig. 7.6). The temperature dependence of
the first anisotropy constant using the relation K1(T) ∼ Js(T)3 was obtained as demonstrated
in Fig. 7.5. The compound with the Nd3(Fe,Ti)29 structure was also produced and annealed
at 1050 ◦C for 10 d. However, due to the presence of residual phases of Fe2Ce and Fe2W and
α-Fe, these samples were not investigated in further detail. The tetragonal ThMn12 was detected
to be the main crystal structure of this compound. The crystallographical data for CeFe11Ti
available in the ICCD database was used as reference since there was no PDF data present for
the ternary CeFe11W compound yet. The reflex positions shifted to higher 2θ values and the
lattice constants a and c decreased.
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(a) Temperature dependence of Js for CeFe11W. (b) Temperature dependence of K1 for CeFe11W.
(c) TC of the CeFe11W compound.
Figure 7.6.: Intrinsic properties of the CeFe11W compound.
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7.3.2. Mechanically alloyed Ce1−xSmxFe11W series
Introduction
Li et al. [280] and Buschow et al. [128] demonstrated that the Fe-sublattice favors a c-axis
magnetization direction in all ThMn12 compounds. A smaller A20-value calculated for the
compounds with the ThMn12 structure hinted that the RE-sublattice anisotropy was expected to
be smaller in REFe10TM2 than in the corresponding RE2Fe14B compound. The RE-sublattice
favors an easy magnetization direction parallel to the c-axis for REs with a positive sign of
the second Stevens factor αJ (for ThMn12 compounds only Sm-containing samples, for which
high coercivities were reported). It is known that the CeFe11Ti compound also exhibits uniaxial
behavior in the whole temperature range [219]. For CeFe11TM systems, however, low Hcj values
were reported for all investigated TMs until now, e.g., in [258, 125, 6]. Mechanical alloying was
performed in order to produce nanocrystalline magnets. For this series of experiments Fe-powder
with 74-150 µm, RE-swarf and fine W-powder was used. The homogenization of the sample for
different rotational speeds and times was investigated. As studied in Chap. 6 during the process
of mechanical alloying either elemental powder or a pre-alloy can be used. For the Fe-Ce-W
system, a homogenized CeFe11W arc melted sample was used (mechanically milled) to compare
the results with mechanically alloying of elemental powders. Due to challenges during processing,
it was not possible to produce a sufficient amount of alloy to explore the temperature range and
annealing time for the whole homogeneity range in the Ce1−xSmxFe11W series. The obtained
results will be discussed in this section. Annealing time was chosen following the studies of
Khazzan et al. [8] and Schultz in [22] for Sm-containing samples. The maximal coercivity for
the Ce-based CeFe11−xCoxTi system was achieved at 766 ◦C by Zhou et al. [124]. This is lower
than the optimal annealing temperature for the Sm-containing samples studied in the literature.
According to the results by Khazzan et al. [8], the maximum coercivity of 0.55 T (∼ 376 kA/m)
is obtained at 850 ◦C for the SmFe11Mo compound.
Results
As displayed in Fig. 7.7 and Fig. 7.8 for the comparison of both pre-alloy and elemental powder
small areas of Fe2W and pure α-Fe were still present, and the alloy was not entirely homogeneous.
The mechanically alloyed samples of the pure CeFe11W showed a coercivity of 9.5 kA/m at
850 ◦C, 13.3 kA/m at 900 ◦C, 7.1 kA/m at 950 ◦C, 6.2 kA/m at 1000 ◦C for an annealing time of
30 min. For the mechanically milled CeFe11W compound using arc melting pre-alloy coercivities
of 11.4 kA/m for 20 min at 950 ◦C and 6.28 kA/m for 20 min at 1050 ◦C were obtained. For the
Ce0.5Sm0.5Fe11W compound coercivity values of 82.2 kA/m for 20 min at 950 ◦C and 38.7 kA/m
for 20 min at 1050 ◦C were obtained (see Fig. 7.9). For the Ce0.33Sm0.66Fe11W compound
coercivities of 50.8 kA/m for 30 min at 850 ◦C, 40.4 kA/m and 35.5 kA/m for 20 and 30 min
respectively at 950 ◦C and 29.2 kA/m for 20 min at 1000 ◦C were obtained (see Fig. 7.10). A
coercivity of 178 kA/m at 850 ◦C and 353 kA/m at 950 ◦C for 30 min was obtained for SmFe11W
(see Fig. 7.11). For further studies regarding annealing temperature of ThMn12 compounds, see
Sec. 7.4. The highest achieved coercivities for the Ce1−xSmxFe11W series are shown in Fig. 7.12.
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X-ray diffraction patterns for all samples in the REFe11W series exhibited a broadened W-peak
in addition to the α-Fe peak. The coercivity measurements showed a nonlinear dependence on
RE-content as shown in Table 7.1 and Fig. 7.13.
REFe11W HcJ [kA/m] Temp. [◦C] time[min]
CeFe11W (MM) 11.4 950 20
CeFe11W (MM) 6.3 1050 20
CeFe11W (MA) 9.5 850 30
CeFe11W (MA) 13.3 900 30
CeFe11W (MA) 7.1 950 30
CeFe11W (MA) 6.2 1000 30
Ce0.66Sm0.33Fe11W 50.8 850 30
Ce0.66Sm0.33Fe11W 40.4 950 20
Ce0.66Sm0.33Fe11W 35.5 950 30
Ce0.66Sm0.33Fe11W 29.2 1000 20
Ce0.5Sm0.5Fe11W 82.2 950 20
Ce0.5Sm0.5Fe11W 36.1 1050 20
SmFe11W 178 850 30
SmFe11W 353 950 30
Table 7.1.: Coercivity values for Ce1−xSmxFe11W with different RE-content.
The X-ray diffraction patterns showed the formation of the compound with the ThMn12 structure
at both 950 and 1050◦ C (see Fig. 7.14). The concentration dependence of x in Ce1−xSmxFe11W
on the coercivity is demonstrated in Fig. 7.13. The substitution of Ce by Sm led to higher
coercivities. The following compounds were detected by EDS measurements: the pure α-Fe and
W, the binary Fe2W Laves phase, the target compound with ThMn12 structure.
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(a) SEM image. (b) SEM image.
(c) Coercivities HcJ of the MM CeFe11W sample. The respective annealing times and annealing temperatures are
mentioned in the upper left corner of the images.
Figure 7.7.: SEM images and hysteresis loops (second quadrant) for different annealing parameters
of the MM CeFe11W sample alloyed for 4 h at 500 rpm to analyze the magnetization
at room temperature. In addition to the hard magnetic compound the binary Fe2W
compound is present.
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(a) SEM image. (b) SEM image.
(c) Coercivities HcJ of the MA CeFe11W sample. The respective annealing times and annealing temperatures are
mentioned in the upper left corner of the images.
Figure 7.8.: SEM images and hysteresis loops (second quadrant) of the MA CeFe11W sample
alloyed for 4 h at 500 rpm and heat treated for various annealing parameters to
analyze the magnetization at room temperature. In addition to the hard magnetic
compound the binary Fe2W compound is present.
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(a) SEM image. (b) SEM image.
(c) Coercivities HcJ of the Ce0.5Sm0.5Fe11W sample alloyed for 4 h at 500 rpm. The respective annealing times
and annealing temperatures are mentioned in the upper left corner of the images.
Figure 7.9.: SEM images and hysteresis loops (second quadrant) of the MA sample of
Ce0.5Sm0.5Fe11W compound for various annealing parameters to analyze the magne-
tization at room temperature. In addition to the hard magnetic compound areas
with α-Fe (dark) and W-rich areas (white) are present.
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(a) SEM image. (b) SEM image.
(c) Coercivities HcJ of the Ce0.66Sm0.33Fe11W sample alloyed for 4 h at 500 rpm. The respective annealing times
and annealing temperatures are mentioned in the upper left corner of the images.
Figure 7.10.: SEM images of the MA Ce0.66Sm0.33Fe11W sample and hysteresis loops (second
quadrant) for various annealing parameters to analyze the magnetization at room
temperature. In addition to the hard magnetic alloy, W-rich areas are present.
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(a) SEM image. (b) SEM image.
(c) Coercivities HcJ of the MA SmFe11W sample alloyed for 4 h at 500 rpm. The respective annealing times and
annealing temperatures are mentioned in the upper left corner of the images.
Figure 7.11.: SEM images and hysteresis loops (second quadrant) of the MA sample of SmFe11W
for various annealing parameters to analyze the magnetization at room temperature.
In addition to the hard magnetic alloy, W-rich areas are present.
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Figure 7.12.: Coercivities of the Ce1−xSmxFe11W series annealed for 30 min at different temper-
atures.
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Figure 7.13.: Maximum achieved coercivity for the Ce1−xSmxFe11W series annealed at 950 ◦C
for 30 min.
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(a) Comparison of the CeFe11Ti and the CeFe11W compound.
(b) Comparison of the CeFe11W and the Ce0.5Sm0.5Fe11W compound.
Figure 7.14.: XRD patterns for CeFe11Ti, CeFe11W and Ce0.5Sm0.5Fe11W. In all samples, besides
the ThMn12 compound, the binary Fe2W Laves phase was detected.
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7.4. Mechanically alloyed Fe-Sm-Mo-(Al) compounds
7.4.1. Introduction
The ternary Sm(Fe,Mo)12 compound is known in the literature [105] and it has been recently
studied in detail by mechanical alloying [8]. In the RC the quasi-quaternary compound with an
Al-content of 4.4-6.9 at% and an exemplary composition of Sm7.7Fe73.7Al5.9Mo12.7 was detected.
For this compound, a saturation polarization of Js = 1.3 T and an anisotropy constant of K1 =
4.4 MJ/m3 was estimated by domain pattern analysis. As mentioned by Schultz in [22], a slight
addition of B to Sm(Fe,TM)12 with TM = Mo, Ti led to an increase of the coercivity, while
the addition of Si, led to a decrease. The inclusion of B in melt-spun Sm-Fe-Ti type magnets
was investigated Anagnostou et al. [281], and the addition of Co by Mu¨ller [132]. Al-addition
is investigated by Bessais et al. [282] in the nanocrystalline Nd-Fe-Co-Al-B alloy, but no data
was found concerning the ThMn12 series. In the Sm-Fe-Ti compound, the nucleation mechanism
plays a major role in the reversal process as discussed by Hu¨tten et al. [11]. The mechanically
alloyed compound of the Sm(Fe,Mo)12 system was investigated by Khazzan et al. [8] in the range
of 700-1190 ◦C. The X-ray diffraction pattern analysis showed the coexistence of the out of
equilibrium Sm(Fe,Mo)10 and the Sm(Fe,Mo)12 compound up to a temperature of 900 ◦C (see
also Table A.3). The highest coercivities were obtained by annealing at 900 ◦C for 30 min. In
other studies [22] a treatment for 20 min was found to be the optimal annealing time. Ternary
Fe-Sm-Mo compounds were produced to compare with literature results. The question if the
large coercivity found in the Fe-Sm-Ti / Fe-Sm-V system also occurred in Fe-Sm-Mo system is
also discussed in this section. The only reference found regarding the Fe-Sm-Mo-Al compound
was by Ren et al. [283], in which they investigated the magnetic properties of Sm2Fe17−xTMxM
(TM = Co, Ti; M = Al, Si) series. As they found, the dual substitutions of Fe by using Co
or Ti, and by Al or Si to improve TC and Ms of Sm2Fe17, are more effective than using single
substitution.
7.4.2. The Sm(Fe1−x−yMoxAly)12 compound
To compare the used method with the achieved results by Khazzan et al. [8], mechanically alloyed
samples without Al-addition and with varying Sm-content were produced. Pure stoichiometric
alloys, as well as the compound with the composition of Sm10Fe80Mo10, were studied. For the
stoichiometric compounds, coercivity values of 124 kA/m at 850 ◦C and 148 kA/m at 950 ◦C
annealed for 30 min were obtained. For the second sample coercivities of 63 kA/m at 850 ◦C,
87.5 kA/m at 900 ◦C, 121 kA/m at 950 ◦C and 107 kA/m at 1000 ◦C annealed for 30 min were
measured (see Table 7.2).
As shown in Fig. 7.15a, a broadened α-Fe peak was still visible after 33 h of milling at 700 rpm.
The alloy Fe9.7Mo0.3 with reflection peaks close to α-Fe/Fe9.7Mo0.3 was also observed. Additional
diffraction peaks of WC were detected due to abrasion during milling at higher rotational speeds
and extended time with WC-balls (see PDF 01-077-4389 in Fig. 7.15b). SmO was also apparent
in the diffractogram due to exposure to air during the measurement.
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(a) As milled sample of the Sm10Fe80Mo10 compound alloyed for 33 h at 700 rpm. Various compounds such as
pure α-Fe, Mo Fe9.7Mo0.3 and WC-contamination of the grinding vessel and WC-balls can be observed.
(b) 2θ for phases found for various compounds.
(c) Sm10Fe80Mo10 sample alloyed for 33 h at 700 rpm and annealed at 900 ◦C for 30 min. After the heat treatment,
the hard magnetic ThMn12 is the major phase, with α-Fe as the residual phase.
Figure 7.15.: Sm10Fe80Mo10 sample: as-milled and annealed at 950 ◦C for 30 min.
The diffractograms for the pure stoichiometric compound Sm7.7Fe84.6Mo7.7 alloyed for 4 h
at 500 rpm and further annealed at 850, and 950 ◦C is shown in Fig. 7.17. The diffraction
patterns at 42.7◦ (002) and 50.7◦ (202) (superstructure extra lines of the I4/mmm space
group [8]) demonstrate the full transformation of the ThMn12 compound at higher temperatures.
The broadened α-Fe/Fe9.7Mo0.3 was still present after the heat treatment, but due to the
recrystallization transformed to a sharp peak. The complete crystallization of the ThMn12
structure with increasing temperature can be observed by comparing Fig. 7.15c and Fig. 7.16b.
The α-Fe/Fe9.7Mo0.3 peak was present at different rotational speeds after annealing at various
temperatures. A narrowing of the mentioned peak occurred for all heat treated samples.
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compound HcJ [kA/m] Temp. [◦C] time [min]
Sm7.7Fe84.6Mo7.7 124 850 30
Sm7.7Fe84.6Mo7.7 148 950 30
Sm10Fe80Mo10 63 850 30
Sm10Fe80Mo10 87.5 900 30
Sm10Fe80Mo10 121 950 30
Sm10Fe80Mo10 107 1000 30
Table 7.2.: Obtained coercivities of the SmFe11−xMox compounds for stoichiometric and over-
stoichiometric samples.
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(a) Sm10Fe80Mo10 sample alloyed for 33 h at 700 rpm and annealed at 900 ◦C for 30 min. After the heat treatment,
the hard magnetic ThMn12 is the major phase, with α-Fe as the residual phase.
(b) Sm7.7Fe84.6Mo7.7 sample alloyed for 4 h at 500 rpm and annealed for 850 and 950 ◦C
(c) 2θ for the SmFe11Mo and Fe-Mo compounds.
Figure 7.16.: Stoichiometric compound Sm7.7Fe84.6Mo7.7 annealed for 30 min at 850 and 950 ◦C.
The evolution of the ThMn12 compound for rising annealing temperatures is shown.
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(a) SEM image. (b) SEM image.
(c) Obtained coercivities HcJ for the SmFe11Mo compound annealed at different temperatures. The respective
annealing times and annealing temperatures are mentioned in the upper left corner of the images.
Figure 7.17.: SEM images and hysteresis loops (second quadrant) of the MA sample of SmFe11Mo
compound annealed at various temperatures to analyze the magnetization at room
temperature.
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(a) Obtained coercivities HcJ for the over-stoichiometric SmFe11Mo compound.
(b) Obtained coercivities HcJ for the Sm7.7Fe78.6Al6.0Mo7.7 compound.
Figure 7.18.: Hysteresis loops (second quadrant) for the over-stoichiometric Sm10Fe80Mo10 and
Sm7.7Fe78.6Al6.0Mo7.7 compounds annealed at various temperatures to analyze the
magnetization at room temperature. The respective annealing times and annealing
temperatures are mentioned in the upper left corner of the images.
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7.4.3. Effect of Al-addition on coercivity
The composition Sm7.7Fe73.8Al5.8Mo12.7 (see Sec. 5.3.3) was detected in the reaction crucible.
MA samples were produced with this composition. In addition to this sample, one stoichiometric
specimen with a composition of Sm7.7Fe78.6Al6.0Mo7.7 was produced for comparison. For the
alloy with the higher Mo content at 700 ◦C for 30 min, a coercivity of 21.8 kA/m was measured.
Further annealing was performed at 850, 900, and 950 ◦C for 30 min and 1000 ◦C for 15 min.
The obtained values were the following: 58.9, 107, 106 and 102 kA/m respectively. For the
stoichiometric compound annealed at 850 and 950 ◦C for 30 min values of 124 kA/m and
148 kA/m were obtained (see Fig. 7.18, Fig. 7.19, and Table 7.3).
compound HcJ [kA/m] Temp. [◦C] time [min]
Sm7.7Fe78.6Al6.0Mo7.7 148 900 30
Sm7.7Fe78.6Al6.0Mo7.7 124 950 30
Sm7.7Fe73.8Al5.8Mo12.7 21.8 700 30
Sm7.7Fe73.8Al5.8Mo12.7 58.9 850 30
Sm7.7Fe73.8Al5.8Mo12.7 98.0 900 15
Sm7.7Fe73.8Al5.8Mo12.7 107 900 30
Sm7.7Fe73.8Al5.8Mo12.7 106 950 30
Sm7.7Fe73.8Al5.8Mo12.7 102 1000 30
Table 7.3.: Obtained coercivities of the SmFe11−x−yMoxAly compounds (x = 0.137, 0.083 and y
= 0.062, 0.065).
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(a) SEM image. (b) SEM image.
(c) Obtained coercivities HcJ for the Sm7.7Fe73.7Al5.9Mo12.7 compound alloyed for 4 h at 500 rpm. The respective
annealing times and annealing temperatures are mentioned in the upper left corner of the images.
Figure 7.19.: SEM images and hysteresis loops (second quadrant) for the Sm7.7Fe73.7Al5.9Mo12.7
compound annealed at various temperatures to analyze the magnetization at room
temperature.
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7.4.4. Study of large coercivity in the SM-rich Fe-Sm-Mo system
It has been reported by Schultz (in [22] chapter 12 and [284]) that in the Fe-Sm-Ti system large
coercivities were observed for Sm-contents at 20 and 26 at% for mechanically alloyed samples
annealed at 725 ◦C for 30 min. At room temperature, a coercivity of 5.03 T (∼ 4000 kA/m)
for the mechanical alloyed Fe70Ti10Sm20 compound was obtained. For the melt-spun sample
annealed for 15 min at 800 ◦C they obtained a coercivity of 4.45 T (∼ 3541 kA/m). Their studies
showed that the A2 phase (with Fe17Nd5 structure [10]) responsible for the large coercivity is
formed below 900 ◦C. Schnitzke et al. [9] obtained a coercivity of 5.06 T (∼ 4026 kA/m) for the
mechanically alloyed Fe70Ti10Sm20 system. The coercivity of the binary Fe17Sm5 compound at
room temperature was 0.7 T (∼ 557 kA/m) [285] or 1.2 T (∼ 955 kA/m) [286]. To verify if the
large coercivity obtained in the Fe-Ti-Sm system also occurs in the ternary Fe-Mo-Sm series,
samples with high Sm-contents were produced. The samples were annealed at 700-1000 ◦C for
20 and 30 min (see Table 7.4).
compound HcJ [kA/m] Temp. [◦C] time [min]
Sm15Fe77.3Mo7.7 307 900 30
Sm15Fe77.3Mo7.7 207 950 20
Sm15Fe77.3Mo7.7 178 950 30
Sm15Fe77.3Mo7.7 110 1000 20
Sm20Fe72.3Mo7.7 304 800 30
Sm20Fe72.3Mo7.7 389 850 20
Sm20Fe72.3Mo7.7 390 900 20
Sm20Fe72.3Mo7.7 251 900 30
Sm20Fe72.3Mo7.7 70.6 950 20
Sm20Fe72.3Mo7.7 66.4 1000 20
Table 7.4.: Obtained coercivities for the SM-rich SmFeMo compounds.
As presented in Fig. 7.20 the diffraction peaks of the ThMn12 structure dominate the diffrac-
tion pattern of the Fe77.3Mo7.7Sm15 alloy. The α-Fe/Fe9.7Mo0.3 peak which was present in
Sm10Fe80Mo10 alloy did not occur in this alloy and the sample containing 20 at% Sm. The
highest obtained coercivity was 390 kA/m at 900 ◦C for Fe70Mo10Sm20 annealed for 20 min (see
Fig. 7.21). The highest achieved coercivity shifted towards lower temperatures with increasing
Sm-content as displayed in Fig. 7.30. As depicted in Fig. 7.22 the XRD diffraction patterns show
peaks of the compound with the Fe17Nd5 structure for an annealing temperature of 850 ◦C. These
patterns have a shift of 0.25 degrees in comparison with the Fe17Nd5 compound. No PDF-data
concerning the (Fe,Mo)17Sm5 phase were available in the ICDD database. The PDF data for the
binary Fe-Nd compound was used to evaluate the patterns for the 17:5 phase. As displayed in
Fig. 7.22 and Fig. 7.23, there are three diffraction peaks in the region between 46-47.5◦ which is
characteristic for a 17:5 compound. In this case this confirms the existence of the (Fe,Mo)17Sm5
phase. The highest coercivity obtained in the Fe70Mo10Sm20 system was for 30 min at 850 ◦C.
The measured composition of the main intermetallic phase had a composition of Fe73.5Sm19Mo7.5.
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In addition to that grains with a composition of Fe70.6Mo6.8Sm22.6, which corresponds to the
(Fe,Mo)17Sm5 phase were detected, which was in accordance with the XRD data.
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(a) Obtained coercivities HcJ for the Fe77.3Mo7.7Sm15 compound.
(b) Fe77.3Mo7.7Sm15 for 4 h at 500 rpm annealed at 950 ◦C.
(c) 2θ for phases found in the Fe77.3Mo7.7Sm15 compound.
Figure 7.20.: XRD patterns of Fe77.3Mo7.7Sm15 annealed for 30 min at 950 ◦C. The ThMn12
compound is the main hard magnetic phase.
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(a) SEM image. (b) SEM image.
(c) Obtained coercivities HcJ for the Fe72.3Sm20Mo7.7 compound alloyed for 4 h at 500 rpm. The respective
annealing times and annealing temperatures are mentioned in the upper left corner of the images.
Figure 7.21.: SEM images hysteresis loops (second quadrant) for the Fe72.3Mo7.7Sm20 compound
annealed at various temperatures to analyze the magnetization at room temperature.
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(a) XRD pattern of the as-cast Fe72.3Mo7.7Sm20 sample alloyed for 4 h at 500 rpm. Mo and α-Fe and a slight hint
of elementary Sm are detected.
(b) 2θ for phases found in Fe-Sm-Mo systems.
(c) MA Fe72.3Mo7.7Sm20 sample alloyed for 4 h at 500 rpm and annealed for 850 ◦C. In addition to the ThMn12
compound, the A2 phase is present.
(d) 2θ for phases found for Fe-Sm-Mo system and the Nd5Fe17 compounds.
Figure 7.22.: XRD patterns and 2θ for the as-cast and annealed Fe72.3Mo7.7Sm20 compound. (see
Fig. 7.23 for further detail).
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(a) XRD pattern of the Fe72.3Mo7.7Sm20 sample, mechanically alloyed for 4 h at 500 rpm and annealed at 850 ◦C.
(b) 2θ for phases found for compounds.
Figure 7.23.: Cutout of the XRD pattern for the Fe72.3Mo7.7Sm20 compound annealed at 850 ◦C.
The most prominent peaks: fingerprint of the 5:17 phase (46-48◦) is clearly visible.
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7.5. Discussion
7.5.1. Arc melting samples of the Ce(Fe1−xCox)11Ti compound
As demonstrated by Ohashi et al. [226] for the RECo11Ti series, Ce has the lowest Curie
temperature (920 K). They also found that EMD behavior is axial for all temperatures except
for Sm and Er. For all RE-metals, the substitution of Fe by Co leads to the enhancement
of the Curie temperature with a similar trend. The TC behavior of the Sm(Fe1−xCox)11Ti
series was studied by Bessais et al. [287] and showed a linear increase with rising Co-content.
Tajabor et al. [117] studied the magnetic properties and the crystallographical data, before and
after hydrogenation in the Ho(Fe1−xCox)11Ti system (x = 1, 2, 4, 6, 7, 11). Further research
on magnetic properties and crystallographical data of heavy RE (Gd, Dy, Ho, Er, Er-Sm) in
REFe11−xCoxTi (0 ≤ x ≤ 11) was performed by Sinha et al. [225]. For Y(Fe1−xCox)11Ti [223],
e.g., the TC of the compound with Y increased nearly linearly up to x = 0.6 for Co substitution
and flatted for higher Co-contents. The same trend was observed by Wang et al. [288] concerning
REFe11−xCoxTi (0 ≤ x ≤ 11) for Y and Er. This trend was in accordance with the results
observed in this work for CeFe11−xCoxTi (0 ≤ x ≤ 3.25) [122]. As Zhou et al. [124] demonstrated,
the relations for all RE-samples showed a similar trend with Ce having the lowest TC . This was
in full accordance with the calculated values by mean field approximation. In the experiment
mentioned above, the melt-spun ribbons samples were crushed in a mill to obtain the powder.
The TC-values for the samples discussed above and the results by Zhou et al. are compared
in Fig. 7.24. For the pure ternary system, a difference of 14 ◦C was measured for TC . The
literature value for TC of CeFe11Ti was 212 ◦C [220, 219] and was increased by 55 ◦C upon
hydrogenation. For all compositions, the measured TC-values in this thesis [122] were slightly
lower than the values obtained by Zhou et al. [228], while the course of TC followed the similar
linear trend. For the Rietveld analysis in [228], it was assumed that Ti occupies the 8i site and
Co occupation follows the order: 8j > 8f > 8i [289, 290, 291]. In this work, no site preference was
assumed for the Rietveld refinement [122]. Literature values for the lattice constants of the pure
ternary compound were given to be a = 8.53 A˚ and c = 4.78 A˚ [98]. For both lattice constants,
a decreasing behavior was detected by Zhou et al. [228]. Furthermore, for both parameters, the
same trend was observed. For the pure ternary compound, the values of the lattice parameters
were lower than for the compound with 5 at% Co. The crystal parameters obtained in the
present work were higher in the whole range of x = 0 - 3.25. Zhou et al. [228] assumed that due
to the preparation by rapid solidification lattice defects can occur. This effect may explain the
deviations in comparison with the bulk material studied in this work [122].
Studies on spin reorientation transition were performed for the REFe11Ti compounds by Hong-
Shu [280] for Dy. The spin reorientation from plane to axis starts at 80 K and is completed at
200 K. Buschow [292] demonstrated for both REFe11Ti and REFe10V2 systems with RE = Y,
Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu that spin reorientation transition occurs for Nd, Tb, Gd,
Dy, and Er at lower temperatures. They found that for the REFe12−xTMx compounds (x = 1
for M = Ti and W and x = 2 for M = V, Cr, Mo and Si), in contrast to the RE2TM14X series
(X = B, C), the higher order crystal field parameters were significant, which made a description
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Figure 7.24.: TC comparison of CeFe11−xCoxTi bulk [122] vs melt-spun [228]. The arc melting
samples were studied in the range of 0 ≤ x ≤ 3.25 and the melt-spun samples in
the entire range of x.
of the magnetic properties more complicated. The site preferences of Co atoms are the 8f and 8j
sites, whereas Fe prefers to occupy the 8i site in the ThMn12 structure [293]. The compound
CeCo11Ti [228, 226] with a Curie temperature of TC ∼ 650 ◦C and a saturation polarization of
Js ∼ 1 T indicates that a higher Co-content will most probably lead to higher Curie temperatures.
The saturation polarization obtained by domain pattern analysis showed slightly higher values
for 0, 5 and 10 at% than the magnetometry measurements. For a Co-content of 15 and 20 at%,
the estimated values were in good agreement with the magnetometry measurements. For a
Co-content of 25 at% (x = 3.25) a discrepancy of 1.28 T for the magnetometry measurement
and a value of 1.05 T for the domain pattern analysis was obtained. These mixed compounds
showed deviations in the MOKE compared to pure systems as described in Sec. 4.3.1. The
ratio of Fe:Co in this series was 7.75:3.25 (∼ 2.5). For this compound a deviation of the
magneto-optical Kerr effect from pure systems, as described in Sec. 4.3, arose. The magnetometry
measurements, which were in accordance with other studies, confirmed the course of exactly
obtained saturation polarization. Comparing the values in this work and the results by Zhou et
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Figure 7.25.: Js values of CeFe11−xCoxTi series studied for arc melting samples in [122] and as
melt-spun samples in [228]. The arc melting samples were studied in the range of 0
≤ x ≤ 3.25 and the melt-spun samples in the entire range of x.
al. [228] (Fig. 7.25) show good agreement in both experiments. The Co-free compounds showed
a deviation of 0.18 T in saturation polarization. In general, however, since the arc melting
samples are homogenized for several days and melt spun samples are not necessarily always in
a complete equilibrium state, the discussed values can be compared only approximately. The
value given in the literature is 1.19 T [98]. The value obtained by the exact magnetometry
measurements, in this work corresponded well with this value. The trend for higher Co-content
in both studies was in good agreement. The potential as permanent magnetic material for the
Ce1−xSmx(Fe1−yCoy)11Ti series, both Co-free and with a Co-ratio of 15 at%, was studied by
Wuest et al. [6] following the results of the Ce(Fe1−xCox)11Ti series investigated in this work.
The outcome of their investigation showed that the coercivity is dependent upon the Sm-content
in these series and not upon the Co-content (see the comparison with Fe-Ce-W system in the
following section). Further research showed a relatively constant coercivity up to a Co-content
of x = 1.5 in Ce1+xFe11−yCoyTi [124] (0 ≤ x ≤ 11) . Magnetic hardening studies by Zhou et
al. [125] for the compound CeFe11Ti+x(TiC) (x = 0, 3, 6) showed lower coercivities for higher x
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values. The highest obtained coercivities are Hci = 0.13 T (∼ 103 kA/m) which are 18% and
22% higher than the best annealed samples without TiC. The NdFe11Ti compound, investigated
by Jang et al. [294], showed a low coercivity of 0.02 T (∼ 15 kA/m) and, therefore, is unsuitable
as permanent magnetic material. Further research on the Nd-Fe-Ti compound showed a high
coercivity which was found to be due to the metastable Fe2Nd or probably due to the oxygen
stabilized Nd-Fe-O phase [295]. Isnard et al. [219] discussed the idea that for Ce a strong
hybridization is present for 4f and 5d electrons and no 4f localized moment is present. Therefore,
it was assumed that the contribution of Ce in the magnetocrystalline anisotropy in the CeFe11Ti
and CeHFe11Ti compounds is low. Ce keeps its intermediate valency upon hydrogenation. Only
in case of SmHFe11Ti, the first anisotropy constant increased upon hydrogenation, whereas for
Gd and Ce-containing compounds no change occurred. Piquer et al. [296] showed that in the
CeFe11Ti compound, the Fe-sublattice contribution dominates the Ce-contribution for magnetic
anisotropy, which is also valid for the GdFe11Ti and GdHFe11Ti compounds. Hydrogenation
led to an enhancement of the Curie temperature in CeFe11Ti compound by 55 K. The study
of hydrogenation of Co-containing samples and its effect on the Curie temperature could be a
further research topic for future projects.
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7.5.2. The CeFe11Wx compound
Compounds with both the ThMn12 and the Nd3(Fe,Ti)29 structure containing Ce and W have
not yet been studied in detail in the literature. As reported the homogenization process of the
Ce3(Fe,W)29 compound generated several challenges. The Nd3Fe27.5W1.5 compound with the
Nd3(Fe,Ti)29 structure was produced by Sanchez et al. [236]. As they pointed out after annealing
for 504 h at 1100 ◦C W did not melt fully and many unmelted particles were found in the final
samples. The formation of Th2Zn17 instead of the 3:29 compound could have resulted from the
low concentration of W in the alloy (melting point of Tm = 3422 ◦C). Therefore, further attempts
to produce the Ce3(Fe1−xWx)29 alloy were not undertaken since the compounds with ThMn12
structure, from an economic and scientific point of view, are the more interesting research topic.
The production of the ThMn12 compound was successful after suitable heat treatment. SEM and
XRD analysis revealed that the α-(Fe,W) compound coexisted as the residual phase with the
main phase in the as-cast alloy. As seen in Chap. 5, at lower temperatures (1050 ◦C in comparison
with Tm 3422 ◦C) W did not dissolve in the melt. Temperatures of about 3000 ◦C were achieved
during the arc melting process. After annealing for 10 d at 1100 ◦C, the homogeneous alloy
consisted mainly of the ThMn12 compound with only 4 vol% of residual phases; the binary
Fe2W Laves phase and α-Fe with a small portion of W contamination and a composition of
Fe96W4. The intrinsic properties of the new ternary CeFe11W system were studied in the whole
temperature range. The obtained saturation polarization of Js = 1.03 T by magnetometry was
in good agreement with the estimated value employing domain pattern analysis of 1.0 ± 0.2 T.
It is well known that the Ce-containing samples exhibit the lowest TC amongst the ThMn12
compounds, with CeFe11W having the lowest TC (Table 7.5). Further crystallographical data for
RE-Fe-TM compounds is given in [297]. The lattice parameters of a few relevant compounds
with ThMn12 structure are listed in Table 7.5.
Compound a (A˚) c (A˚) TC [ ◦C] Ref.
Fe10W2Sm 8.549 4.470 259 [297]
Fe10.5W1.5Sm 8.557 4.791 247 [105]
CeFe11W 8.545 4.757 173 to be published
Nd2Fe10W2 8.553 4.740 274 [235]
CeFe11Ti 8.545 4.781 195 [122]
Table 7.5.: Crystal parameters and TC for some REFe11TM compounds of ThMn12 crystal
structure.
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Figure 7.26.: XRD patterns of Fe80W20 and Fe70W30 after selected milling times [298].
7.5.3. Mechanically alloyed (Ce1−xSmx)Fe11W compound
As displayed in Chap. 5, the (Ce1−xSmx)Fe11W (0 ≤ x ≤ 1) alloy was the only quasi-quaternary
compound which exhibited higher anisotropy constant than the pure CeFe11W compound
in mischmetal systems. The SmFe11TM compounds with (TM = Ti, Mo and V) have been
elaborately discussed in the literature, however, less data is available for W-containing compounds.
In the literature, various W-containing alloys without RE-elements were produced by mechanical
alloying, but no results were found concerning RE-Fe-W compounds. The amorphization process
during MA in various Fe-W compounds was studied by Bai et al. [298]. These samples were
mechanically alloyed up to 2000 h using a Fritsch Pulverisette 5 and hardened steel balls. The
closest composition to the ThMn12 compound with a stoichiometric composition of RE:Fe:TM
of 7:86:7 studied by Bai et al. was the Fe80W20 compound. XRD diffraction patterns showed
that after 50 h of milling the W peak was still present, and only after 1400 h of milling the
W-peak completely vanished (see Fig. 7.26). At a ratio of 70:30, the peaks were broadened and
flattened at higher annealing times. Shen et al. [299] studied the mechanical alloying of the
Fe1−xWx system with a powder size of 40 and 60 µm for W and Fe respectively. After 84 h of
milling an amorphous alloy of Fe-W compound and supersaturated solid solution [Fe(W) SSS]
were produced. X-ray diffraction patterns showed a broadened W-line after 84 h and the Fe
peak disappeared in their sample. They found that the free Gibbs energy of the bcc Fe-W solid
solution was lower than the matching amorphous phase in the entire range of 0 ≤ x ≤ 1. This
means that the formation of the amorphous phase was not solely due to the increased elastic
strain. For example, the amount of dissolution of Fe in W was only about 3.6 at% of Fe after
8 h. In the case of the Fe93.4W6.6 compound, the difference between both energies was high
enough so that amorphization could occur. In this work, however, ∼ 8 at% of RE-atoms were
present and, therefore, the amount of Fe was lower than 84.6 at%. In this case, the difference
of energies could just not be high enough for an amorphization to be possible. Further studies
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regarding the effect of additives such as Ni or Mo on amorphization of Fe-W compounds have
been performed [300, 301, 302, 303]. These findings make clear that the production of an
amorphous W-containing alloy is not possible for short (a few hours) alloying times. For these
series of studies, the stoichiometric composition of RE7.7Fe84.6W7.7 (RE = Ce, Sm) was used for
all samples. Mechanical alloying for 4, 8, and 31 h indicated that the formation of an entirely
homogenized alloy was not possible with the chosen experimental setting. This could have been
due to the contamination by W-C balls during the process. In all experiments with different
RE-ratios, α-Fe- and W-peaks were present in the as milled samples. EDS results showed further
compounds with a composition of Fe47.9W49.0Sm3.1 or Sm7.5Fe74.3W18.5. Despite the fact, that
several residual phases were present in all alloys, a considerable amount of the compound with
ThMn12 structure was formed, so that comparable coercivity with Mo and Ti containing samples
could be obtained. Cui et al. [304] studied the mechanical alloying for NdFe12−xNbxV1 with
further annealing at 850 ◦C for 20 min. No other annealing temperatures were studied in their
paper. The results showed the formation of Fe2Nb and a Nd-rich phase besides the compound
with the ThMn12 structure for all x-values (x = 0, 0.3, 0.65, 1.0). The remanence decreased
with increasing Nb content and simultaneously a rise of coercivity was observed in the nitrated
samples. The main reason, therefore, was that the crystallization of the ThMn12 compound
improved with higher Nb content. The sample produced in this work with the composition of
Sm7.7Fe84.6W7.7, mechanically alloyed for 31 h at 700 rpm showed no coercivity. This long-term
experiment could not be repeated due to time shortage. The amount of W in the ThMn12
alloy with ∼ 3-8 at% was the same as for samples which were alloyed for 4 or 8 h. The Fe2W
Laves phase detected in this sample contained up to ∼ 4 at% Sm. The question if it is possible
for the Ce1−xSmxFe11W (0 ≤ x ≤ 1) compound to be entirely homogeneous with the present
experimental setup should be studied further at higher rotational speeds and longer alloying
times. As the studies in the literature suggest alloying time up to 1400-2000 h could be necessary
to achieve a fully amorphous state. With the present experimental settings and the necessary
cooling rates, it would take several months to perform the experiments. Despite the fact that the
REFe12−xWx compound is known in the literature for 1 ≤ x ≤ 2, and in mechanically alloyed
samples lower values of W were detected, in the XRD pattern of Ce1−xSmxFe11W compounds
annealed at 950 ◦C the diffraction peaks of the ThMn12 compound were present. According to
Raghavan [305], in the Fe-Sm-Ti system the tetragonal ThMn12 compound is stable from the
peritectic formation point of 1300 ◦C down to 800 ◦C, and for a Ti-content between 4.6-8.4 at%
at 1000 ◦C. As demonstrated in Fig. 3.3, the lower end of the stability range in the REFe1−xTMx
compounds for both Ti and W starts at roughly the same point. It can be concluded that
at least 4.6 at% W is required to stabilize the ThMn12 structure (no isothermal section of a
ternary phase diagram was available for the Fe-W-Sm system). The SmFe11W compound was
alloyed for 31 h at 700 rpm to improve the homogenization. However, in addition to the ternary
compound of ThMn12 structure with a W-poor composition of Sm7.2Fe89.5W3.3, the C14 Laves
phase with a composition of Fe65.2W30.6Sm4.3 was detected by EDS. Due to the experimental
settings during the process, oxidation of Sm occurred and, therefore, the only obtained results
for this system were the samples for 4 h at 500 rpm. Hence, areas with Fe2W and Fe91W3Sm6
148
7.5. Discussion
were still present in the SEM-images. Clearly a much longer alloying time would be necessary
to form homogeneous alloys. For mechanical milling of the CeFe11W compound, an arc-melted
sample that was annealed for 10 d at 1050 ◦C, was used. The residual phases of this sample
were calculated utilizing quantitative image analysis to be 4 vol% of Fe2W and Fe96W4. This
sample was milled to a fine powder in a vibrating ball mill before alloying for 4 h with the same
parameters as the mechanically alloyed sample. EDS results show the same microstructure for
the MA and MM samples. The W-content in the MM sample in the areas with the ThMn12
structure was, however, higher than in the MA samples with a portion of 5.7-8.3 at%. The binary
Laves phase Fe2W and pure α-Fe were also detected.
The employment of arc melted and homogenized sample leads to a higher dissolution of W in
the alloy. As demonstrated in multiple studies, among others [6, 124, 258], and in this section
the pure CeFe12−xTMx compounds showed very low coercivity. A substantial amount of Sm
substitution is necessary to achieve higher coercivities.
Because the evaporation temperature of Sm is low compared to other RE-metals (1900 ◦C), the
production of Sm-containing samples by arc melting and the following annealing process lasting
several days (in general 7-10 d) necessary for homogenization leads to Sm-loss via evaporation.
This means that a higher amount of Sm is required in the initial weight. Cheng et al. [306] for
example used 20% excess of Sm for the Sm2Fe15Al2Cx compound, and Gabay et al. [307] used
an additional 112 mass% of Sm for the Zr1−xRxFe10Si2 compound to compensate the weight loss.
The required amount of Sm should be studied in detail since one part evaporates during the arc
melting process and another part during the annealing for several days.
One advantage of mechanical alloying is that elements with low evaporation temperatures can be
used without a loss during the milling process. The amount of evaporation during annealing for
less than 1 h is lower and can be neglected in comparison with the loss during the arc melting
process. With the experimental setting used for this thesis, it was not feasible to obtain a fully
homogeneous alloy. The production of arc melting samples, which were further mechanically
milled, would have taken a considerable amount of time. This was not possible during the course
of this thesis and should be investigated (alternatively, rapid quenching can be used) in further
work.
As shown for these series of compounds in the present and the previous chapter, the annealing
temperature for phase formation and the achieved coercivity were both dependent on the
combination and fraction of RE-metals and the additives used. In RE-rich Fe-Sm-Ti compounds,
e.g., besides the ThMn12 compound, the A2 phase was formed at 725 ◦C (chapter 12 in [22]). In
the Fe-Mo-Sm system at 850 ◦C, the ThMn12 compound and the Sm(Fe1−xMox)10 compound
were formed [8].
In this section, it was demonstrated that depending upon the Sm:Ce ratio the highest coercivities
were achieved at lower temperatures for higher Ce-contents (see Fig. 7.12). According to Zhou et
al. [124] the highest Hcj and (BH)max were achieved at 766 ◦C annealed for 5 min for the
Ce1+xFe11−yCoyTi compound for various x contents. For the pure Sm-containing samples,
the maximum value was reached for annealing at 950 ◦C. In conformity with the studies for
Sm-containing samples, the initial annealing temperature was chosen to be between 850-1050 ◦C.
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Wuest et al. [6] studied the preparation of nanocrystalline Ce1−xSmx(Fe,Co)11Ti both, by melt
spinning (MS) and mechanical alloying (MA) (see Fig. 7.27). For the Co-free system, both
methods show a similar course for the achieved coercivity. The annealing temperature of both
samples MS and MA were for 3-60 min at 700-900 ◦C. The maximum reached coercivity in that
study was 390 kA/m for the Ce-free compound. In the SmFe11W system, the highest measured
coercivity was 353 kA/m for an annealing temperature of 950 ◦C for 30 min. One reason for the
reduction of coercivity in 1:12 compounds has its origins in soft magnetic phases as stated by
Yang et al. [308]. Furthermore, they found that in Nd(Fe,V)12, Pr(Fe,Mo)12, and Pr(Fe,V)12 the
presence of α-Fe, a nonhomogeneous nitrogenation, and grains too large in size, were the sources
of lower coercivities. The presence of pure W and the Fe2W Laves phase, of which it is not
entirely clear if it is ferromagnetic, as discussed in Sec. 5.3.2, could lead to lower coercivities in
comparison to the Ce1−xSmxFe11Ti series. A similar study on the coercivity of the CeFe9Co2Ti
compound and the addition of Sm was performed by Gabay et al. [139]. The presence of the soft
magnetic Fe-Co-Ti bbc phase in addition to the ThMn12 compound is one of the reasons that
this series did not exhibit high coercivity values. Schultz et al. (chapter 12 in [22]) obtained
coercivity values of ∼ 350 kA/m for the compound with the composition of Sm10Fe80Ti10 for
optimum annealing temperatures of 800-830 ◦C. The microstructure parameters of the SmFe11Ti
system were determined and discussed by Hu¨tten et al. [11] using the following relation (see
Fig. 7.28):
Hcj
4piMs
=
αHA
4piMs
−Neff (7.1)
The anisotropy field HA and Ms were taken from [309] using single crystals. In Fig. 7.28 for the
case of (a) the equation (7.1) was used and in case of (b) the following relation:√
Hcj
γHA
= c0 − c1
(
T
γ
)2/3
(7.2)
with
c0 =
√
3ρpa2
32piA (7.3)
and
c1 = c0
(150kB
api
)2/3
(7.4)
with γ being the domain wall energy, ρp the volume density of the pinning site and L = a0.5
as microstructural parameters. As they pointed out, both models of pinning and nucleation
describe the data. At lower temperatures, the nucleation model describes the data, and at
higher temperatures, the pinning model is in good agreement. No hint of the existence of a
grain boundary phase was found in their research. The mechanically alloyed samples with
the composition Fe62Ti10Sm28 show a grain boundary phase of SmO. As discussed in Chap. 6,
the anisotropy field HA in the Fe77(Nd1−xYx)15B series for an increasing Nd-content showed a
nonlinear increase in all measured temperatures. The nonlinear dependence of the anisotropy
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(a) Coercivity HcJ of optimally annealed, melt-spun
Ce1−xSmxFe11Ti as well as the MA-series of
Ce1−xSmxFe11−yCoyTi (y = 0 ; 1.95) as a func-
tion of Sm content x.
(b) TEM bright field images of (a) CeFe11Ti and
(b) SmFe11Ti melt-spun at a wheel speed of
20 m/s. The inserts show the corresponding
electron diffraction patterns.
Figure 7.27.: Obtained coercivity and TEM bright field images for the Ce1−xSmxFe11−yCoyTi
series (0 ≤ x ≤ 1; y = 0, 1.95) [6].
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Figure 7.28.: Comparison between models of domain wall nucleation and pinning. The tempera-
ture dependence of Hcj for melt-spun SmFe10Ti (◦). () represents the fit to data
from nucleation model and (–) represents the fit from strong pinning model [11].
energy in (Y1−xNdx)2Fe14B, which was calculated by Kapusta et al. [310], originates from the
single ion contribution of Nd. For the (Y1−xNdx)2Fe14B series at RT, the calculated ∆HA show
a nonlinear course. The coercivity for this series of compounds likewise demonstrates a nonlinear
course with higher Nd-content. A similar trend as for the (Y1−xNdx)2Fe14B series for the
coercivity at RT was observed for the Ce1−xSmxFe11W series. However, the approach presented
in Sec. 6.4.2 for Y-containing systems can not be transferred directly to the ThMn12 compounds.
As Isnard et al. [219] pointed out, due to the absence of orbital moment (s state) in Gd, the
RE ion does not contribute to the magnetocrystalline anisotropy and the only contribution
arises from the Fe sublattice. Furthermore, the anisotropy field of the system YFe11Ti is studied
by Obbade et al. [311]. As far as the up-to-date research is concerned, the observed trend
of the coercivity in Ce-Sm containing compounds is not yet fully understood. Determination
of the anisotropy field and coercivity in (RE1−xCex)Fe11TM and (RE1−xSmx)Fe11TM (0 ≤ x
≤ 1), with RE = Y, Gd, is an interesting research topic to study. Further understanding of
Sm-Ce-containing compounds could be gained by these studies.
For the series of CeFe11TM compounds, it is also known that the anisotropy originates mainly
but not solely from the Fe-sublattice, and the contribution of Ce due to the mixed valence is
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weak [219]. Hu et al. [130] showed in the case of the RENyFe11.35Nb0.65 compound that the K1
(Fe) value decreases upon interstitial N-insertion. They state that this fact is also valid for other
compounds with ThMn12 structure [312, 313]. In the Ce-containing ThMn12 compounds the
anisotropy arises mainly from the Fe-sublattice. Nitrogenation led to a lattice volume expansion
of 2.7-3.46 % as analyzed by Pan et al. [97]. Their results show a significant increase of TC
and saturation magnetization upon nitrogenation. As they demonstrated for the CeNxFe10Mo2
system, the absorption of N led to a deviation of magnetocrystalline anisotropy from the c-axis
and at RT, for the CeN0.8Fe10Mo2 compound, the EMD lay in the basal plane. Expanding the
steric volume of the 2b site by N-absorption to change the Ce-valency toward the favorable
Ce3+ is not possible. The ionic radius of the La3+ion is the largest in the RE-series, followed by
Ce3+ [314]. The substitution of La in the RE2Fe14B compounds led to a shift of the Ce valency
towards the magnetic Ce3+ ion [62] (see also App. A.4). The question if the substitution of Ce
by La in compounds with ThMn12 structure would also lead to a convergence of Ce valency
towards the 3+ state due to the bigger steric volume of the La ion was examined in this thesis
using the Fe-Ce-La-W reaction crucible in Sec. 5.3.2.
7.5.4. Mechanically alloyed Fe-Sm-Mo-(Al) samples
The ternary compound Sm-Fe-Mo is known in the literature [309, 105, 132] and mechanically
alloyed samples were investigated by Khazzan et al. [8]. The effect of Al-addition to this system
was, however, not studied until now. In the Fe-Sm-Mo-Al diffusion couple, the Sm7Fe78.6Al6Mo7.7
compound with ThMn12 structure and saturation polarization of Js = 1.3 T and an anisotropy
constant of K1 = 4.4 MJ/m3 was detected [315]. From an economic point of view, this compound
is an interesting candidate for permanent magnets since the price of Sm is currently (in 2017)
roughly 6 times lower than the neodymium price [316]. Schultz and Katter (chapter 12 in [22])
investigated the formation of different compounds amongst all the ones with ThMn12 and PuNi3
crystal structure. They found that for Fe-Sm-Ti with a Sm-content of ≥ 24 at% an almost
amorphous alloy was obtained. For the compound with ≤ 20 at% of Sm, a broadened but well-
defined Fe-peak was visible. The addition of 5 at% Zr has a major influence on the broadening
of the peak in the as milled sample. In this thesis, a variation of 500-1000 rpm was performed
for both compounds with Nd2Fe14B and ThMn12 structure.
To optimize the process of mechanical alloying, various parameters were varied, mainly the
rotational speed, while the ball to powder ratio was always kept the same (10:1). The aim was
to achieve a fully amorphous alloy before the heat treatment. As shown by different studies
performed using mechanical alloying for systems with the ThMn12 structure, the α-Fe peak was
always present after milling. Khazzan et al. performed the mechanical alloying with a Fritsch
Pulverisette 7 at 1500 rpm for 5 h for the ternary compound Sm(Fe,Mo)12. An amorphous alloy
was formed, but a broadened α-Fe peak was present [8] (see Fig. 7.29). The optimum annealing
temperature for formation of the ThMn12 crystal structure was investigated by numerous groups.
For various compounds with ThMn12 structure highest obtained coercivities were reported to be
between 850-950 ◦C. A low coercivity was measured for the sample annealed at 700 ◦C for 30 min.
As demonstrated by Khazzan et al. [8] the diffraction peaks of (002) and (202) superstructure
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Figure 7.29.: Broadened Fe-Peak in XRD pattern of the SmFe11Mo compound [8].
extra lines for ThMn12 compounds were not present at 700 ◦C. The coercivities measured for all
ternary samples were roughly three times lower than the reported values in the literature. This
may be due to the presence of SmO and the residual Fe in the final compound.
Burzo et al. [317] studied the anisotropy field of Y2Fe14−xTMxB and demonstrated that the
addition of Al led to a steeper decrease of the anisotropy field in comparison with Ni and Co
addition. The Curie temperature of the Co- and Ni-containing compounds increased, whereas
for the Y2Fe14−xAlxB compound, a linear decrease of TC was observed for a higher Al-content.
As for the ThMn12 compounds, no studies were found for Al-addition, and the obtained results
can be interpreted as follows. The coercivity mechanism analysis by Hu¨tten et al. [11] for the
Sm(Fe,Ti)12 compound showed that the nucleation mechanism is governing the reversal process
at lower and the pinning mechanism at higher temperatures. For this study, they used the
saturation magnetization and anisotropy field values were taken from the temperature dependent
single crystal measurements by Ohashi et al. [309]. The addition of a few at% of additives has a
far-reaching impact on the development of the grain size. The effect on the grain size nucleation
and refinement of Si, Al, Zr is well known for steel and in magnetic materials. For example, in
the pure stoichiometric Pr2Fe14B compound the addition of Zr leads to a decrease of the grain
size [52]. Al tends to occupy the 8f places in the crystal lattice of ThMn12 and to replace the Fe
atoms [289]. The magnetic moment of Fe for the 8i site is higher than the moment for the 8f
site [130]. The dominant contribution of Fe-sublattice anisotropy arises from the 8i site [130]
and Al occupies the 8f site. For the substitution of Fe by non-magnetic Al, a decrease of the
saturation polarization is expected. The variation of Al content in Nd3Fe27.5−xTi1.5Alx for 0
≤ x ≤ 2.5 was studied by Liu et al. [318]. A linear increase in all crystal parameters and TC
was measured for increasing Al-content in the 3:29 compound. The saturation magnetization
decreased with a linear tendency for rising Al-contents. For x ≤ 1.5 the main detected phase
had the Th2Zn17 structure. The substitution of Fe by Al was confirmed in both their research
and neutron diffraction techniques.
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Yang et al. [308] investigated the hard magnetic properties of melt-spun RE(Fe,M)2 and their
nitrides. Pr and Nd were used as RE-metal and Mo and V as stabilizing elements. For nitrated
alloys, low coercivity was observed due to the presence of the soft magnetic α-Fe(V) phase. The
reason may be the incomplete transformation of the ThMn12 phase due to the low nitriding
temperatures. The large grain size is another likely reason for the low coercivity. Single domain
particles present in these samples suggest that the nucleation mechanism is the governing
behavior. This study is a further indication that only Sm-containing samples are promising
candidates for hard magnetic materials. One should note that the effort and cost of nitrogenation
should be taken into consideration for the final magnetic material. The coercivities obtained for
Mo-containing samples in this work were roughly three times lower than the reported values for
the ThMn12 compounds. The SmFe11W compound, however, despite the fact that the alloy was
not entirely homogeneous, reached a coercivity of 0.44 T (∼ 350 kA/m), which was comparable
with the values reported for SmFe11Ti 0.49 T (∼ 390 kA/m) [6] and 0.55 T (∼ 376 kA/m) for
Sm(Fe,Mo)12 [8]. For the NdNy(Fe1−xVx)12 system, Yang et al. [140] obtained a coercivity of
0.88 T (∼ 700 kA/m). The virgin magnetization curve for this system did not show any hint of
a presence of pinning centers, and thus the nucleation mechanism was the responsible hardening
mechanism. The lower values of the coercivities obtained in this work for Mo-containing alloys
could have their origin in the presence of inhomogeneous areas in the mechanically alloyed sample.
The used Mo-powder for this work may have affected the properties of the mechanically alloyed
samples. The same Mo-powder was used for reaction crucible synthesis, and no peculiarities were
observed. Therefore, the not fully homogeneous alloy and the residual α-Fe as seen in Fig. 7.16
were considered as the main reason for the lower coercivity. However, if the grain size was
small enough, a coercivity for the samples could be measured despite the presence of α-Fe. As
discussed in Sec. 6.4.3, for the exact determination of K1 data from single crystal measurements
or measurements of the approach to saturation of as-cast samples of the pure phase are necessary.
Schultz and Katter pointed out in [284] and in chapter 12 in [22] that for the Fe-Sm-Ti system
the sintering process was not successful, and only the production of nonequilibrium samples by
mechanical alloying and melt spinning delivered high coercivity magnets. Sintering is therefore
not a promising process for these (ThMn12) magnetic materials. The values of the anisotropy
constants K1 and K2 for Ce/Sm/GdFe11Ti [219] determined at room temperature suggest that
for further discussion the K2 value could be neglected for the studied compounds. Koestler et
al. [134] detected a high defect concentration in the Sm12Fe78Mo10 compound with the ThMn12
structure with an average grain size of 200-300 nm. These defects could serve as pinning centers
in the matrix. However, for grain sizes of this extent, no strong pinning is expected.
Li in [319] showed that the 8f and 8j sites are occupied by Fe and the 8i sites by the stabilizing
elements. Since the stabilizing element in the Sm-containing alloy was Mo, which occupies the 8i
site (like Ti, V, Nb), and Al occupies the 8f site like Fe, the substitution of Fe by Al leads to a
dilution of the Fe-sublattice anisotropy in the Sm(Fe1−x−yMoxAly)12 alloy (x = 0.137, 0.083 and
y = 0.062 and 0.065). The obtained coercivities for both stoichiometric samples for Al-containing
and Al-free compound annealed for 30 min at 950 ◦C were 124 kA/m and 148 kA/m respectively.
A comprehensive investigation of the microstructure and the determination of the grain size
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by means of TEM-analysis (combined with XRD analysis) could not be performed during the
course of this thesis. A detailed study of grain size should be performed to fully understand the
processes arising from the addition of Al. Chin et al. [320] analyzed the Nd-containing alloys with
M = Si, Al, B, Ti, V, Cr, Mn, Mo, Zr, Hf, Nb and W. The Al-containing sample did not form
the compound with the ThMn12 structure but rather the Fe3Al, FeAl and the FeAl2 compounds
(V is the only nonferromagnetic element which leads to a rise of TC in the Fe-TM-RE alloys.)
7.5.5. Large coercivity in the Fe-Sm-Mo system
For systems with a higher Sm-content, following the pure stoichiometric system, the Mo-content
was chosen to be 7.7 at% and not 10 at% as often used in the literature. The highest coercivity
obtained in the series of all Al-free and Al-containing samples was for the Fe72.3Mo7.7Sm20 com-
pound at 850 ◦C. It has been reported that large coercivities were detected for the Fe70Ti10Sm20
and Fe64Ti10Sm26 compounds after annealing at 725 ◦C. In the series of Mo containing sam-
ples studied in this thesis, the coercivity trend shows a peak at 850 ◦C. As discussed for the
Sm10Fe80Mo10 compound and the Al-containing sample, the values obtained here were roughly
3 times lower due to the presence of pure α-Fe in the as milled and in the annealed samples.
The coercivity of 0.48 T (∼ 381 kA/m) is as high as the reported value for the pure ThMn12
compared with the composition of Sm10Fe80Mo10.
For the binary Fe17Sm5 compound, at RT a coercivity of 0.7 T (∼ 557 kA/m) [285] or 1.2 T (∼
955 kA/m) [286] has been reported. For the Fe77.3Mo7.7Sm15 compound, the α-Fe/Fe9.7Mo0.3
peak present in stoichiometric compounds disappeared in the as-cast powder. The main contri-
bution of the coercivity arises from the ThMn12 compound, and other diffraction peaks such as
the peaks for the Sm2Fe17 or Fe5Sm phases were not present and are not displayed in Fig. 7.20c.
Comparing this study with the results obtained by Khazzan et al. [8] at 900 ◦C values of 0.38 T
(∼ 302 kA/m) vs roughly 0.6 T (∼ 477 kA/m) were respectively obtained. The obtained ratio
for this compound and the stoichiometric samples are 2:3 vs 1:3 in comparison with reported
values. The presence of α-Fe/Fe9.7Mo0.3 in the alloy reduces the coercivity to one-third of the
reported value.
The presence of the 17:5 phase in the Fe72.3Mo7.7Sm20 sample was confirmed with a Mo-content
of ∼ 7 at% in this compound, annealed at 850 ◦C. The only PDF data available for the 17:5
compound was for the Fe17Nd5 phase. The comparison of the detected peaks and the available
PDF-cards showed a shift of 1.5◦, which indicates a decline of the cell volume for the (Fe,Mo)17Sm5
phase in comparison with the Fe17Nd5 compound. The coercivity for the Mo-containing sample
with a share of the A2 phase was not in the same range as the SmFe11Ti and the SmFe11V
compounds. For the compounds with a large coercivity, values of ±5.0 T (∼ 3978 kA/m) were
reported, which is roughly 10 times of the value measured in this sample. The most recent
research on the (Fe,TM)17Sm5 compound was performed by Maruyama and Amako [321] for TM
= Ti, V. The Curie temperature of the pure binary compound of Fe17Sm5 (TC = 143 ◦C) was
elevated by Ti addition (0 ≤ x ≤ 0.09 by 145 ◦C) and V-addition (0 ≤ x ≤ 0.1 by 182 ◦C). No
studies were found concerning Mo-containing systems. For the ThMn12 compound, two distinct
PDF cards could be matched with the diffractogram. Both SmFe10Mo2 and Fe21Mo3Sm2 with
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Figure 7.30.: Obtained coercivities for the Fe-Mo-(Al)-Sm series annealed for 30 min. The
compounds with the ThMn12 structure (black and green line) have their maximal
coercivity for annealing at 950 ◦C. With higher Sm-content, a shift towards lower
annealing temperatures occurs.
the ThMn12 structure were in accordance with the stability range of Mo demonstrated in Fig. 3.3.
The question of the contribution of each of these phases to the total coercivity could not be
answered in the scope of this thesis.
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7.6. Conclusion and outlook
In this chapter, compounds with ThMn12 structure were investigated and their potential as
a permanent magnetic material was studied. The main results of this chapter are published
in [122]. For the Ce(Fe1−xCox)11Ti series, it was found that the addition of Co leads to higher
Curie temperatures with increasing Co-content in the analyzed range (0 ≤ x ≤ 3.25). The linear
dependence on Co-content is in accordance with the results of other studies. The saturation
polarization curve agrees with the results published by Zhou et al. [228]. The deviations in
both experiments arose from the different processing techniques used. The results in this thesis
were obtained based on bulk material and the studies by Zhou et al. [228] were performed by
melt spinning. For the CeFe11W system, a detailed analysis was performed concerning the
intrinsic properties and the addition of Sm on coercivity. The annealing temperature and time
are dependent both on the RE-metal and the additives used in the compound. For a mixture
of different REs, the annealing parameters were dependent upon the ratio of the used REs. As
similar investigations of Mo- and Ti-containing samples with the ThMn12 structure showed, only
a significant amount of Sm-addition leads to high coercivities. The intermediate valence of Ce is
considered to be the main reason for the low contribution of the Ce sublattice to the anisotropy for
the ThMn12 compounds. Production of fully homogeneous, mechanically alloyed W-containing
alloys was not possible with the present experimental setting. However, a sufficient amount of the
ThMn12 phase was produced to examine the coercivity behavior of the (Ce1−xSmx)Fe11W series.
To distinguish the contribution of both Sm and Ce to the anisotropy field and the coercivity
in ThMn12 compounds, the analysis of both the (Ce1−xYx)Fe11W and (Sm1−xYx)Fe11W series
could be an ansatz to understand the anisotropy behavior of the (Ce1−xSmx)Fe11W series.
The coercivity mechanism for the ThMn12 compound is only studied for Fe-Sm-Ti compounds.
Alternatively, rapid quenching can be performed to realize first microstructure.
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During the course of this thesis, a significant number of Fe-RE-based materials were studied and
examined regarding their magnetic properties using the high-throughput method. The aim of the
experiments was to find novel magnetic materials or to improve existing materials via inclusion
of additives or substitution of scarce RE-elements by more disposable ones while preserving the
magnetic properties and reducing their cost.
Ce plays a unique role among the RE metals. Due to its abundance, Ce is one of the most
inexpensive RE-metals. However, due to the mixed valence of 3.44, the experimentally obtained
first anisotropy constants K1 for both Fe-Ce-B and Fe-Ce-TM compounds are much lower than
the theoretically calculated and expected values [1]. In the first stage of the thesis, mischmetal
systems in the Fe-Nd-RE-B (Ce, La, Sm, Y), Fe-Ce-Ti-Co and Fe-Ce-RE-W (RE = La, Nd, Pr,
Sm) reaction crucible (RC) were studied and the intrinsic magnetic properties were estimated by
domain pattern analysis. The intrinsic magnetic properties for the Fe-Ce-W compound and the
series of CeFe11−xCoxTi were determined by magnetometry measurements.
To study the coercivity of three of these compounds and their potential as permanent magnetic
materials, mechanical alloying was performed. The process of preparation and annealing of these
three different compounds was further optimized to obtain the best attainable microstructure
and coercivity.
High throughput synthesis and analysis
Reaction crucible synthesis and high-throughput analysis are effective methods to explore
relatively large interesting regions in the phase diagram of binary, ternary and even higher
component systems. It was demonstrated that in all investigated samples the relevant Fe-rich
area of the phase diagram could be covered by one sample and all possible magnetic phases
were detected. The method of reaction crucible synthesis and metallographic preparation was
improved and optimized during the course of this thesis. The domain contrast is a measure of
the saturation polarization Js and the domain width is a measure of the anisotropy constant K1.
A linear dependence of domain contrast and Js for both Fe-based as well as Co-based magnetic
materials is in known the literature [14]. This relation was used to establish a standard to estimate
the saturation polarization of unknown magnetic compounds. Magnetometry measurements
performed for selected systems demonstrated an accordance of the obtained results from domain
pattern analysis and magnetometry.
1. A point of focus laid on substitution of Nd by various other RE elements to simultaneously
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reduce the cost while maintaining the excellent intrinsic magnetic properties. The most
interesting compound in these series was the Nd0.34Y1.66Fe14B (Js = 1.32 T and K1 =
1.45 MJ/m3) alloy due to the high amount of Y, which could lead to better stability at
elevated temperatures. The validity of the rule of mixture was examined and proven for Js
and K1 for the (Nd1−xYx)2Fe14B series.
2. One of the biggest problems of Ce is the presence of α-Ce with the valency of 4+, a state
which is considered to be impure for reasons of anisotropy. A shift of Ce4+ towards the
favorable Ce3+ was in focus of investigation in recent years. Co-addition of Ce and La to
(Nd,Pr)2Fe14B magnets helped to reduce the share of Ce4+ in these series of alloys. In
ThMn12 compounds, especially in Ce1−xRExFe11W the substitution of Ce by Pr, La, Nd,
Sm was studied in this work. As known in the literature, Sm-containing samples show the
best intrinsic properties in the ThMn12 series. The substitution of Pr and La revealed
that the substitution of Ce for Pr led to a change of the EMD towards the easy plane. La
does not belong to the series of RE-elements which form compounds of ThMn12 structure.
Therefore, a small addition of La to the CeFe11W compounds with the intrinsic properties
of Js= 1.0 T and K1= 2.0 MJ/m3 led to a drastic decrease of saturation polarization and
no closure type domains could be detected in the sample. The only promising alloy in the
Ce1−xRExFe11W series was Ce1−xSmxFe11W (Js= 1.4 T and K1= 3.1 MJ/m3) for x =
0.4, which was studied in further detail.
3. In ternary and quaternary RCs, it could be demonstrated that the whole stability range (in
case of Mo 6.3-20.6 at%) was detectable in the crucible. Multiple additives were examined
with respect to their effect on the intrinsic magnetic properties. It was demonstrated
that the addition of Co leads to an increase of both saturation polarization and the first
anisotropy constant, as studied in the case of CeFe11−xCoxTi. For this compound with
a Co-content of 2.7 at%, intrinsic parameters of Js= 1.1 T and K1 = 2.0 MJ/m3 were
obtained. The SmFe11−xAlxMo system shows promising intrinsic properties. The estimated
saturation polarization yields a value of 1.3 T which is comparatively high. The calculated
anisotropy constant K1 according to eq. (4.6) yields a value of K1 = 4.4 MJ/m3. The
potential of this compound as a magnetic material was investigated in detail by means of
mechanical alloying.
4. A significant amount of non-magnetic compounds was detected throughout the course of
the thesis and two exemplary systems were presented in the results section. The method
of high-throughput synthesis and analysis could not only be used in the context of hard
magnetic materials but for all sorts of intermetallic compounds.
Arc melting samples
Arc melting samples of the pure phases were produced to investigate the intrinsic magnetic
parameters of selected compounds in detail.
1. In the (Nd1−xYx)2Fe14B series, the study of the saturation polarization and the first
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anisotropy constant showed a linear dependence of the RE-content between both pure
ternary compounds. Hereby the validity of the rule of mixture could be demonstrated.
2. The new ternary compound CeFe11W with the ThMn12 crystal structure was produced
by arc melting. The compound with the Nd3(Fe,Ti)29 structure was also produced but
due to difficulties during homogenization was not investigated in further detail. The Curie
temperature of 173 ◦C was obtained by Kink-point measurement. The crystal parameters
were estimated by Rietveld, based on the data available for the CeFe11Ti compound (a =
8.545 A˚ and c = 4.757 A˚).
3. The substitution of Fe by Co in the series CeFe11−xCoxTi (0 < x < 3.25) was studied in
detail. The Js value was measured in the whole temperature range, and the TC for all
compounds was determined. The intrinsic magnetic properties of all samples were also
determined by domain pattern analysis. The maximum values of Js(RT) = 1.27 T, K1(RT)
∼ 2.1 MJ/m3 and TC = 648 K were obtained for a Co-Content of 15 at%. The results of
magnetometry measurements and domain pattern analysis were in good accordance. A
linear relationship of Co-content and TC was obtained in the studied range.
Nanocrystalline magnetic compounds produced by mechanical alloying
Three different systems were studied regarding their potential as magnetic materials. The method
of mechanical alloying to produce nanocrystalline magnetic material was optimized during the
course of this thesis. For the Nd-rich Nd2Fe14B compound, coercivities up to 1300 kA/m were
obtained for milling parameters of 4 h at 500 rpm and annealing temperatures between 600
and 700 ◦C. For other compounds the annealing parameters for the crystallization process were
studied and adjusted to achieve optimal results. The magnetic properties were determined by
means of permagraph and magnetometry measurements.
1. The studies of the anisotropy field HA for the (Nd1−xYx)2Fe14B series showed a nonlinear
trend [7]. The coercivity behavior of this series was investigated in detail in this thesis. The
annealing parameters were studied and adjusted. The coercivity follows a similar nonlinear
course as the anisotropy field. According to the obtained results, a considerable amount of
Nd is necessary to obtain higher coercivities. The microstructural parameters could not be
studied due to the lower coercivities obtained in Y-containing specimens, partially arising
from non-homogeneously alloyed samples.
2. It was shown recently in multiple studies that the CeFe11Ti compound shows a very
low coercivity at room temperature. The intermediate valence of Ce leads to a reduced
contribution of Ce to the anisotropy. Therefore in the Ce-containing ThMn12 compounds,
the main contribution to anisotropy arises from the Fe-sublattice. As demonstrated via
reaction crucible analysis, only Sm substitution in the Ce1−xRExFe11W series (RE =
La, Nd, Pr and x = 0.4) led to increasing value for saturation polarization and the first
anisotropy constant. The effect of Sm-addition on the coercivity in the Ce1−xSmxFe11W
series was investigated. Upon substitution of 50 at% of Ce by Sm, coercivities up to
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82 kA/m were obtained. Due to the mechanical properties of W, it was not possible with
the present experimental setting to obtain a fully homogeneous alloy. However, the amount
of W alloyed into the compound with ThMn12 structure was sufficient to stabilize the hard
magnetic phase and obtain coercivity values comparable to Ti- and Mo-containing samples
from the literature. To reach higher coercivities, a substantial amount of Sm was necessary.
The concentration dependence of the coercivity, which follows a course similar to the ones
observed for the Ce1−xSmxFe11−yCoyTi series, is an ongoing research topic.
3. Very few studies are available concerning Al-addition. The effect of Al was investigated
in multiple reaction crucibles and the system Sm(Fe1−x−yAlxMoy)12 (x = 0.137, and y =
0.062) showed the highest Js and K1 value. Nanocrystalline bonded magnets were produced
by mechanical alloying for various Sm-contents.
According to the obtained results, the annealing parameters are dependent on stabilizing
elements, the RE-elements and their respective concentrations. The addition of Al led to a
slight decrease of coercivity (a maximal value of 107 kA/m) in comparison with the pure
ternary compound. The effect of Al on the grain size development in these compounds was
outside the scope of this thesis.
The large coercivities reported in the Fe-Sm-Ti system of ∼ 4000 kA/m could not be
obtained in the Fe-Sm-Mo series for the studied Sm-contents and annealing parameters.
The highest coercivity of 390 kA/m was obtained in the Fe70Mo10Sm20 system for an
annealing time of 30 min at 850 ◦C. The XRD measurements confirmed the existence of
the (Fe,Mo)17Sm5 phase (A2) with the Fe17Nd5 structure, which is responsible for the large
coercivity in the Fe-Sm-Ti system.
For compounds with ThMn12 structure, the maximum coercivity was obtained for annealing
at 900-950 ◦C. For the pure SmFe11Mo compound, a maximum coercivity of 148 kA/m was
obtained. The hardening mechanism is discussed for a selected compounds in the literature,
due to the small coercivities achieved in this work.
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A. Appendices
A.1. Stevens factors
Ion +++ α× 102 β × 104 γ × 106
Ce -5.714 63.49 0
Pr -2.101 -7.346 60.99
Nd -0.6428 -2.911 -37.99
Pm 0.7714 4.076 60.78
Sm 4.127 25.01 0
Tb -1.0101 1.224 -1.121
Dy -0.6349 -0.5920 1.035
Ho -0.2222 -0.3333 -1.294
Er 0.2540 0.444 2.070
Tm 1.0101 1.632 -5.606
Yb 3.175 -17.32 148.0
Table A.1.: First, second, and third Stevens factors for RE-ions [21].
RE2Fe17 RE3(Fe,Ti)29 RE(Fe,Ti)12
6c 4c 2a 2a
A20(K a20) -279 -285 +191 +187
Ac21(K a20) - +515 -531 -
As21(K a20) - ∼0 +85 -
Ac22(K a20) - -750 +128 -560
As22(K a20) - ∼0 ∼0 -
Table A.2.: Second-order crystal field coefficients (defined by Li and Coey in [105]) at RE-sites
in RE3(Fe,Ti)29, RE2Fe17 and RE(Fe,Ti)12 [116].
A.2. SEM-Standard
Since boron can not be detected by energy dispersive X-ray microscopy, a reference table with the
relative composition of the elements without boron was composed to identify each intermetallic
phase.
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RETM12 RETM10
Sm 2a 2 1a 1-s=0.58 2.32
Fe/Co 8f 8 3g 2 8
Fe 8j 8 3g 1 4
6 l 1 4
Fe/Ti 8i 8 6 l 1 4
2e 2s=0.84
total number 26 25.68
Table A.3.: “The number of subsequent atoms in the various Wyckoff positions of the ordered
I 4/mmm ThMn12-type unit cell (s = 0.5) and the P6/mmm CaCu5 -type subcell
(s = 0.42). For comparison to the tetragonal cell RE2TM24, the last column gives
the number of atoms for the four hexagonal subcells consistent with the RETM10
formula“[287].
Phase Fe Nd
Fe17Nd2 89.5 10.5
Fe14Nd2B (Φ) 87.5 12.5
Fe4Nd1.1B4 (η) 78.4 21.6
Fe7Nd2B6 77.8 22.2
Fe17Nd5 77.2 22.8
Fe2Nd5B6 28.6 71.4
FeNd2B3 33.3 66.6
E2 28.0 72.0
e8 25 75
Table A.4.: The composition of Fe and Nd in at% in the ternary Fe-Nd-B system.
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A.3. Abundance of RE-elements in the earth crust
Element Symbol Z Abundance Abundance
in crust in crust
[ppm] text(1) [ppm] (2)
Cerium Ce 58 60 66.5
Neodymium Nd 60 33 41.5
Lanthanum La 57 34 39
Yttrium Y 39 29 33
Scandium Sc 21 26 22
Samarium Sm 62 6 7.05
Praseodymium Pr 59 8.7 9.2
Gadolinium Gd 64 5.2 6.2
Dysprosium Dy 66 6.2 5.2
Erbium Er 68 3.0 3.5
Ytterbium Yb 70 2.8 3.2
Europium Eu 63 1.8 2.0
Holmium Ho 67 1.2 1.3
Terbium Tb 65 0.94 1.2
Table A.5.: Abundance of RE-metals in the earth’s crust. Three different sources are considered
here [322].
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x at% x at% x at%
0 0 0.2 1.5 0.4 3.1
0.6 4.6 0.8 6.2 1 7.7
1.2 9.2 1.4 10.8 1.6 12.3
1.8 13.8 2 15.4 2.2 16.9
2.4 18.5 2.6 20.0 2.8 21.5
3 23.1 3.2 24.6 3.4 26.2
3.6 27.7 3.8 29.2 4 30.8
4.2 32.3 4.4 33.8 4.6 35.4
4.8 36.9 5 38.5 5.2 40.0
5.4 41.5 5.6 43.1 5.8 44.6
6 46.2 6.2 47.7 6.4 49.2
6.6 50.8 6.8 52.3 7 53.8
7.2 55.4 7.4 56.9 7.6 58.5
7.8 60.0 8 61.5 8.2 63.1
8.4 64.6 8.6 66.1 8.8 67.7
9 69.2 9.2 70.8 9.4 72.3
9.6 73.8 9.8 75.4 10 76.9
10.2 78.5 10.4 80.0 10.6 81.5
10.8 83.1 11 84.6 11.2 86.1
11.4 87.7 11.6 89.2 11.8 90.8
12 92.3
Table A.6.: The correlation between x in REFe12−xTMx and the atomic percent for compounds
with the ThMn12 crystal structure.
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A.4. The valency of the Ce-ion in RE2Fe14B compounds
Figure A.1.: RE site volume (here denoted as R) in RE2Fe14B and RE2Fe14BHx, (3.5 < x <
4.5), and RE2Fe17, vs rare-earth metallic volume in RE2Fe14B based and RE2Fe17
compounds [3].
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A.5. Calculation of number of systems
As a source, ”Binary Phase Alloys” [76] and different editions from the ”Journal of Phase
Equilibria and Diffusion” were used. The source of ternary diagrams were ”Phase Equilibria in
iron Ternary alloys” [323] and ”Phase Diagram of Ternary Iron Alloys” edition 1-6b [324].
In the next step, a raw material cost index (RMCI) with the relation Fe:RE:Add of 80:10:10 was
introduced. The economy index (EI) is a product of both phase index and raw material cost
index (EI = PI * RMCI). The final prioritization was based on the calculated economy index. A
set of 570 systems known in literature, whose binary and ternary phases had been studied, were
chosen to cross check the number of existing phases with the calculated phase index. As shown
in Fig. A.2c, there is linear relationship between the calculated phase index and the probability
that the ternary system forms at least one intermediate phase. Due to the low number of systems
with high phase index (> 13), a solid statistical conclusion could not be reached. In literature
there are multiple similar approaches, among others the approach by Villars [325], to grouping
different systems into former and non-former combinations. The investigation was based on
the Mendeleev number used by Pettifor et al. [326]. This semi-empirical approach showed that
the constituent chemical elements in a higher component alloy are responsible for the materials
properties.
The emphasis of this work lies on Fe-based, Ce, La and Y-containing ternary systems. Another
focus was on promising quaternary systems and enhancing the properties of the ternary systems
via novel additives and input from theoretical ab-initio calculations.
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(a) Prioritization concept to evaluate the po-
tential of a ternary system to form TM-rich
intermediate phases based on the number
of intermediate phases of its TM-containing
binary marginal systems (”phase index”).
(b) Number of possible systems TM, TM-RE,
TM-RE-X, TM-RE-X1-X2, and for the
quinary system a variation of at least one
TM and one RE with further additives and
REs. The combination is based on four
TM elements, 41 additive elements (X) and
seven RE-elements by enumerative combi-
natorics (k-combination). Including unary,
binary, ternary, quaternary and quinary sys-
tems, in total approximately 500000 unique
systems are possible.
(c) Approximately linear relationship between the calculated ternary ”phase
index” and a system’s potential to form at least one ternary intermediate
phase. The number of recorded systems with a ”phase index” > 13 is
too low to allow reliable statistical evaluation.
Figure A.2.: Concept of Prioritization [14].
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A.6. Measurement results for the SmxFe91−xTi9 system
Figure A.3.: “Composition dependence of iHc, 4pi Ms, and 4pi Mr for SmxFe91−xTi9 after an-
nealing for 30 min at 810, 840 and 870 ◦C.“ [138]
170
A.6. Measurement results for the SmxFe91−xTi9 system
Figure A.4.: “Data of magnetic properties and phase component in SmxFe91−xTi9, samples
annealed at 810, 840, and 870 ◦C for 30 min.“ [138]
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A.7. Annealing parameters of the Nd2Fe14B system
Figure A.5.: Coercivity dependence of annealing time for the Nd15Fe77B8 alloy [22].
A.8. Lattice/magnetic parameters of some REFe11Ti and REFe11TiH
compounds [219]
Figure A.6.: Lattice and magnetic parameters of some REFe11Ti and REFe11TiH com-
pounds [219].
A.9. Correlative images of selected systems in chapter 5
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A.9. Correlative images of selected systems in chapter 5
(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.7.: Correlative microscopy images of the Fe-Ce-Nd-B RC. The hard magnetic compound
with the Nd2Fe14B structure and the non-magnetic compound with the MgCu2
structure were formed at 1050 ◦C and 15 h.
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.8.: Correlative microscopy images of the Fe-Ce-La-B RC. The hard magnetic compound
with the Nd2Fe14B structure and the non-magnetic compound with the MgCu2
structure were formed at 1050 ◦C and 15 h.
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.9.: Correlative microscopy images of the Fe-Nd-Sm-B RC. Lancet like domain patterns
for the compound with the Nd2Fe14B structure indicate nonuniaxial behavior for
the detected ratio of Sm:Nd ∼ 6:5.
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(a) Bright field image (A). (b) Bright field image (A).
(c) MOKE image (B). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.10.: Correlative microscopy images of the Fe-Ce-Ti RC. Both magnetic compounds with
the ThMn12 structure and Nd3(Fe,Ti)29 structure were formed. Minor contami-
nation of Si is present in the ThMn12 compound. The magnetic, RE-free Fe2Ti
Laves phase contains up to 30 at% Ti.
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A.9. Correlative images of selected systems in chapter 5
(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.11.: Correlative microscopy images of the Fe-Ce-Ti-W RC. The hard magnetic ThMn12
compound with varying W:Ti ratios was formed.
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.12.: Correlative microscopy images of the Fe-Ce-W-Co RC. Both magnetic compounds
with ThMn12 and Nd3(Fe,Ti)29 structure are present. The magnetic 3:29 compound
(B, top middle) shows a very weak domain contrast.
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A.9. Correlative images of selected systems in chapter 5
(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.13.: Correlative microscopy images of the Fe-Ce-Pr-W RC. The magnetic compounds
with the ThMn12 and Nd3(Fe,Ti)29 structure show a weak domain contrast. Only
stripe domains were detected for both compounds.
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(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.14.: Correlative microscopy images of the Fe-Ce-La-W RC. Only the compound with
a similiar composition to ThMn12 structure containing La was detected. The
substitution of Ce by La leads to lower domain contrast.
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A.9. Correlative images of selected systems in chapter 5
(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (B).
Figure A.15.: Correlative microscopy images of the Fe-Ce-Nd-W RC. Besides the hard mag-
netic compounds with the ThMn12 and and the magnetic compound with the
Nd3(Fe,Ti)29 structure, a significant amount of the binary Fe2W Laves phase was
formed.
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(a) Bright field image. (b) Bright field image.
(c) MOKE image. (d) MOKE image.
(e) SEM image. (f) SEM image.
Figure A.16.: Correlative microscopy images of the Fe-Nd-Sm-W RC. The magnetic phases with
the PuNi3 and Zn17Th2 structure and the Laves phase Fe2W are displayed.
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A.9. Correlative images of selected systems in chapter 5
(a) Bright field image (A). (b) Bright field image (B).
(c) MOKE image (A). (d) MOKE image (B).
(e) SEM image (A). (f) SEM image (A).
Figure A.17.: Correlative microscopy images of the Fe-Ce-Mo-/Al RC. In both RCs only the
compound with the ThMn12 structure shows domain structure. The compound
with the Nd3(Fe,Ti)29 structure is present but does not show visible domain pattern.
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(a) Bright field image.
(b) MOKE image.
(c) SEM image.
Figure A.18.: Correlative microscopy images of the Fe-Ce-W RC. The nonmagnetic phases are
displayed.
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